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Introduction 


Hemorrhage  is  seen  as  a  challenge  in  muitipie  clinical  conditions  and  is  the 
primary  cause  of  casuaities  on  the  battlefieid  and  in  civiiian  trauma.  Data 
suggest  that  haif  of  wartime  casuaities  die  due  to  hemorrhagic  shock.  Many 
casualties  are  resuscitated  with  fiuids  that  enhance  the  tissue  damage  due  to 
hemorrhage.  [1 , 2].  A  prime  exampie  of  this  was  the  use  of  crystalloid 
resuscitation  fiuids  during  the  Vietnam  conflict  that  resuited  in  Da  Nang  lung  and 
has  been  renamed  to  acute  respiratory  distress  syndrome  (ARDS). 

Hemorrhage  results  in  decreased  biood  flow  throughout  the  body,  blood  is 
directed  away  from  non-critical  organs,  such  as  the  intestines,  to  vitai  organs 
such  as  the  brain.  Hemorrhagic  shock  is  associated  with  intestinai  ischemia  [3]. 
These  conditions  iead  to  a  reduction  of  biood  voiume  that  is  beiieved  to  result  in 
spianchnic  vasoconstriction  and  functionai  if  not  true  ischemia  of  the  gut  [4- 
8].The  spianchnic  circulation  is  a  iarge  vascular  bed  that  receives  as  much  as  25- 
30%  of  the  total  blood  flow  bringing  oxygen  and  nutrients  to  the  intestine.  As 
biood  flow  to  the  intestine  decreases,  the  fiow  to  the  various  circuits  is  not 
decreased  equaiiy  with  more  flow  shunted  to  the  mucosa  than  to  other  networks. 
The  rapid  turnover  of  the  mucosa  makes  it  extremely  sensitive  to  low 
oxygenation.  Therefore,  severe  decreased  blood  flow  to  the  intestine  for  a  limited 
amount  of  time,  as  little  as  20  min,  resuits  in  damage  to  the  mucosal  surfaces 
with  viili  disruption.  However,  during  resuscitation  and  the  increased  blood 
volume,  the  intestine  is  reperfused,  resuiting  in  pathologicai  changes  to  the 
tissue.  These  alterations  of  hemorrhagic  shock  cause  additionai  iocai 
infiammation  characterized  by  complement  activation  and  deposition,  neutrophii 
infiitration  and  eicosanoid  generation  that  coincide  with  mucosai  injury  and 
increased  vascular  permeability  [7,  9,  10].  The  role  of  complement  in  mediating 
this  injury  and  the  possibilities  to  inhibit  compiement  activation  is  the  focus  of  the 
current  proposal. 

Currently,  there  are  pig  and  rat  modeis  that  have  been  used  to  investigate  the 
correiation  between  hemorrhage,  ischemia/reperfusion,  and  tissue  injury.  We 
developed  a  mouse  model  so  that  we  can  take  advantage  of  inbred  geneticaiiy 
modified  animals.  Using  the  mice,  we  have  deveioped  a  time  course  of  intestinai 
damage  when  removing  30%  of  the  blood.  Our  preliminary  data  indicate  that 
hemorrhage  induces  compiement  activation  and  deposition,  infiammation  and 
tissue  damage  simiiar  to  that  seen  in  other  animal  models. 

Complement  activation 

The  complement  system  is  composed  of  more  than  30  proteins  that  interact  in  a 
proteoiytic  cascade.  The  cascade  uses  three  different  initiation  pathways  that 
unite  into  a  common  terminai  pathway.  Complement-mediated  injury  is 
responsibie  for  a  number  of  ciinical  scenarios  associated  with  tissue  damage. 
These  ciinicai  settings  inciude  hemorrhagic  shock,  thermal  injury  (burns), 
myocardiai  infarction,  ARDS,  and  compartment  syndrome  following  extremity 
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ischemia  and  mesenteric  ischemia.  Our  preliminary  data  indicate  a  role  for 
complement  induced  damage  in  hemorrhage  and  resuscitation. 

When  activated  complement  provides  a  critical  link  between  the  innate  and 
adaptive  immune  responses.  The  cascade  has  3  initiating  arms,  the  classical, 
lectin  and  alternative  pathways  each  activated  in  a  distinct  mechanism:  antibody 
initiates  the  classical  pathway,  mannose  binding  lectin  and  bacterial 
polysaccharides  initiate  the  lectin  and  alternative  pathways,  respectively.  Each 
initiating  arm  produces  enzymatic  complexes,  C3  and  C5  convertases.  The 
cleavage  of  C3  and  C5  continues  the  cascade  with  all  3  pathways  culminating  in 
a  common  terminal  pathway.  The  terminating  complex,  the  membrane  attack 
complex  (MAC)  is  a  lytic  complex  that  inserts  into  the  membrane  forming  a  pore 
in  the  cell.  In  addition  to  cell  lysis,  the  cascade  also  increases  phagocytosis, 
recruits  inflammatory  molecules,  and  instructs  the  adaptive  response  to  produce 
an  appropriate  humoral  response. 

During  activation,  all  three  initiating  pathways  of  the  complement  system  result  in 
the  formation  and  release  of  the  anaphylatoxins,  C3a  and  C5a.  These  small 
molecules,  9  and  1 1 .2  kDa  respectively,  are  potent  chemotactic  proteins  that  not 
only  recruit  granulocytes  but  also  induce  degranulation  of  phagocytes  and 
basophils  and  mast  cells,  release  of  hydrolytic  enzymes  from  neutrophils,  smooth 
muscle  contraction,  and  increased  vascular  permeability  [11].  This 
proinflammatory  response  can  prevent  pathogen  invasion  but  can  also  induce 
host  tissue  injury  when  inappropriately  produced.  Therefore,  although  beneficial, 
in  excess  C3a  and  C5a  maybe  potent  mediators  of  remote  organ  injury  during 
trauma. 

Capable  of 
extreme  damage, 
complement 
regulatory 
molecules  are 
essential  and 
occur  naturally  at 
multiple  points 
within  the  cascade. 

However,  in  many 
clinical  conditions, 
unregulated 
complement 
activation  induces 
additional  tissue 
injury. 

Inappropriate 


Classical  Path 


MBL  Path 


Alternative  Path 


C5b  ^ 


C5b  -9 


C5aRa 

C5a 


Figure  Simplified  complement  cascade  with 
complement  inhibitors. 
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complement  activation  and  subsequent  tissue  damage  occurs  during  tissue 
infiammation,  myocardiai  or  intestinal  ischemia,  blunt  trauma,  hemorrhagic 
shock,  and  after  exposure  to  bacteriai  toxins. 

Complement  activation  contributes  to  cell  injury  in  a  number  of  ways.  The  central 
events  in  complement  activation  involve  the  activation  of  piasma  proteins,  C3 
and  C5.  Ali  initiating  pathways  result  in  the  generation  of  C3b  and  C5b  and  the 
formation  of  C5b-9  the  MAC.  As  the  result  of  the  common  terminal  pathway, 

MAC  inserts  itself  as  a  pore  into  ceii  membranes  causing  ceii  death. 

Complement  inhibitors 

Complement  is  controlled  by  10  or  more  inhibitory  proteins  found  either  in  the 
serum  or  on  ceii  membranes  [12].  A  deficiency  in  some  of  these  inhibitory 
moiecules  causes  increased  susceptibility  to  immune  compiexes  that  are  found 
frequentiy  in  patients  with  rheumatic  diseases.  Without  complement  inhibitors  to 
prevent  continued  growth,  the  iattice  of  antibody/antigen  compiexes  becomes 
extremeiy  iarge  and  precipitate  in  organs.  In  addition,  compiement  coating  of  the 
complexes  aids  phagocytosis  of  the  complexes  by  binding  to  surface  erythrocyte 
complement  receptors  and  trafficking  to  the  iiver  and  spleen.  Because  of  the 
similarities  of  the  3  pathways,  many  of  the  regulatory  molecules  can  inhibit 
muitiple  pathways.  In  addition,  the  convergence  of  aii  pathways  at  the  formation 
of  the  MAC,  aiiows  inhibitors  downstream  of  C5  to  reguiate  all  forms  of 
complement  activation.  The  primary  function  of  these  natural  regulatory  proteins 
is  to  controi  the  C3  and  C5  convertases  by  degrading  the  components. 

With  the  advent  of  molecular  biology,  a  number  of  recombinant  engineered 
inhibitors  have  been  designed.  Although  there  are  some  high  molecular  weigh 
bivaient  moiecules  that  exist,  the  more  recent  inhibitors  are  smaii  peptides.  The 
use  of  peptides  in  complement  inhibition  has  a  number  of  distinct  advantages: 
they  are  very  specific,  smaii,  defined  by  compiement  components  and  therefore 
an  antibody  response  is  not  expected,  and  maybe  deiivered  orally. 

Recently,  Compstatin,  a  synthethic  peptide,  has  been  described  that  binds  to  C3 
and  inhibits  both  C3a  release  and  MAC  formation  [13,  14].  In  vitro  and  ex  vivo 
animal  models  have  shown  that  Compstatin  is  a  useful  complement  inhibitor  for 
transplantation  and  cardiopuimonary  bypass-related  pathology  [14,  15].  As  an 
inhibitor  that  is  usefui  in  primates,  it  is  aiso  likeiy,  that  Compstatin  blockade  of  C3 
will  prevent  excessive  compiement  activation  during  trauma. 
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C5a  Receptor  antagonist  (C5aRa)  is  recent  synthetic  small  peptide  inhibitor  that 
is  currently  being  used  in  a  number  of  animal  models  of  tissue  injury  [16,  17]. 

The  anaphylatoxin  C5a  mediates  its  effects  by  binding  the  G-protein  coupled  cell 
surface  receptor,  CD88.  CSaRa  has  been  shown  to  inhibit  C5a  induced 
neutrophil  chemotaxis  in  response  to  sepsis  and  recently  to  attenuate  both 
cardiac  and  mesenteric  ischemia  and  reperfusion  local  damage  in  rodents  [16, 
18].  In  addition,  it  prevents  neutrophil  mediated  systemic  damage  in  a  similar 
animal  model  [18] 

Research  efforts  at  limiting  complement-mediated  tissue  injury  have  focused  on 
inhibitors  of  complement.  The  complement  cascade  also  involves  soluble  and 
membrane  bound  Inhibitor  proteins  that  act  at  various  different  points  in  the 
cascade.  Manipulation  of  these  natural  inhibitors  inhibits  complement  mediated 
tissue  damage  during  mesenteric  ischemia  and  reperfusion  and  may  be  useful  in 
a  hemorrhagic  shock  model.  Studies  are  currently  underway  to  examine  the 
ability  of  Cl-lnh  or  sCRI  to  inhibit  complement  activation  in  hemorrhage.  In 
addition,  the  ability  to  create  soluble  forms  of  naturally  membrane  bound 
inhibitors  may  provide  targeted  Inhibitors.  Two  such  membrane  bound  molecules 
in  the  mouse  are  complement  receptor  1 -related  gene/protein  y  (Crry)  and 
complement  receptor  2  (Cr2). 

In  mice,  Crry  is  a  membrane  regulatory  protein  altering  the  activity  of  both  the 
classical  and  alternative  complement  pathways.  Using  a  recombinant  soluble 
form  of  Crry  fused  to  the  hinge,  CH2,  and  CHS  domains  of  mouse  IgGI  (Crry-lg), 
mice  were  pretreated  either  5  min  prior  to,  or  30  min  after,  the  initiation  of  the 
reperfusion  phase  of  mesenteric  IR  [7].  IR-induced  injury  was  reduced  after 
Crry-lg  was  administered.  Pre-treatment  with  Crry-lg  reduced  the  local  intestinal 
mucosal  injury  and  decreased  generation  of  LTB4  [7].  When  given  30  min  after 
the  beginning  of  the  reperfusion  phase,  Crry-lg  resulted  in  a  decrease  in  IR- 
induced  intestinal  mucosal  injury  comparable  to  when  It  was  given  5  min  prior  to 
initiation  of  the  reperfusion  phase.  Despite  the  presence  of  substantial  number  of 
neutrophils,  Crry-lg  administered  30  min  after  the  initiation  of  the  reperfusion 
prevented  the  IR-induced  tissue  injury  damage  [7].  This  indicates  that  although 
neutrophils  may  have  a  role  in  the  damage,  complement  inhibition  is  beneficial. 

Complement  receptor  type  2  (Cr2/CD21 )  is  an  important  membrane  receptor  that 
binds  complement  iC3b/C3d-bound  antigens  and  greatly  enhances  B  cell 
receptor  mediated  activation  by  engaging  the  Cr2/CD19/CD81  signaling  complex 
[19-22]  .  This  recognition  mechanism  lowers  the  threshold  for  activation  of  B 
cells  [19,  20,  23].  In  mice,  Cr2  is  encoded  along  with  the  larger  complement 
receptor  type  1  (CR1)  by  the  Cr2  gene,  which  produces  both  proteins  through 
alternative  splicing  of  a  common  mRNA  [24,  25].  As  a  soluble  molecule,  it  is 
likely  that  Cr2  will  bind  excess  C3b  products  preventing  excessive  complement 
activation  and  antibody  production. 

Complement  activation  in  hemorrhage  and  resuscitation 
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Patients  who  have  experienced  a  severe  loss  of  blood  or  blood  volume  activate 
complement.  C1  activation  and  the  classical  complement  pathway  are  activated 
by  the  coagulation  pathway  and  factor  XII  [26,  27].  In  addition,  there  are 
indications  that  the  alternative  pathway  is  also  activated  however  the  triggering 
factors  are  not  well  defined  [26].  Recent  studies  have  focused  on  determining 
if  complement  activation  induces  damage  or  if  complement  activation  is  merely  a 
side  effect  of  the  tissue  damage.  Younger  et  al  used  a  rat  model  of  hemorrhagic 
shock  (HS)  to  show  that  induction  of  complement  activation  by  treatment  with 
cobra  venom  factor  increased  mortality  while  complement  depletion  prior  to  HS 
attenuated  injury  [28].  In  addition,  they  showed  that  C5a  mediated  the  lethal 
effects  of  HS  as  Indicated  by  experiments  that  showed  that  blocking  C5a 
clearance  was  lethal  in  at  least  80%  of  the  animals  --  suggesting  that  C5a  is  at 
least  one  of  the  critical  players  in  the  pathology  of  HS  [28]. 

During  HS  the  sympathetic  nerve  response  decreases  splanchnic  circulation 
causing  intestinal  ischemia.  As  discussed  above,  at  least  two  mechanisms, 
complement  and  polymorphonuclear  cells  (PMN)  infiltration  mediate  damage  to 
the  intestine.  In  a  rat  model  of  HS,  inhibition  of  complement  by  administering 
sCR1  prior  to  resuscitation  maintained  the  splanchnic  circulation  thus  preventing 
HS  induced  intestinal  ischemia  [29].  Two  complement  inhibitors,  C1  inh  and 
soluble  CR1  have  recently  been  shown  to  prevent  PMN  infiltration  [27].  To 
recruit  PMN  into  the  intestine  requires  a  chemotactic  signal  followed  by  increase 
adhesion  molecule  expression  on  the  vascular  endothelium.  This  is  followed  by 
leukocyte  rolling  and  adhering  to  the  vasculature.  C1  Inh  attenuates  adhesion 
and  rolling  of  leukocytes  within  the  mesenteric  vascular  endothelium  [27,  30]. 

The  PMN  chemotactic  signal  may  be  either  C5a  [28]or  PLA2  derived  eicosanoids 
[31].  Finally,  there  is  evidence  that  hemorrhage  may  alter  the  Intestinal  barrier 
such  that  macrophages  in  the  lamina  propria  are  exposed  to  bacterial  products. 
The  presence  of  these  products  may  also  activate  the  complement  cascade. 


Military  Significance 

The  principal  cause  of  death  among  soldiers  who  die  within  the  first  hour  of 
wounding  is  hemorrhage.  The  frequency  and  associated  morbidity  of  peripheral 
vascular  injury  sustained  during  wartime  has  been  well  documented.  In 
DeBakey’s  review  of  2471  acute  battle  injuries  resulting  in  vascular  trauma  from 
World  War  II,  the  limb  amputation  rate  in  extremity  vascular  injury  was  40%  [32]. 
Hughes  reviewed  the  treatment  of  vascular  injuries  from  the  Korean  conflict 
during  which  time  the  principle  of  vascular  repair  to  restore  arterial  continuity  was 
practiced  rather  than  vessel  ligation  [2].  While  this  preserved  limb  viability  in  a 
greater  number  of  cases,  ischemia/reperfusion  (IR)  in  the  revascularized  injured 
limb  presented  additional  problems.  Rich’s  review  of  vascular  injuries  sustained 
during  the  Vietnam  conflict,  again  illustrates  the  high  numbers  of  vascular 
injuries,  the  repair  of  which  risk  IR,  that  continue  to  be  observed  in  modern 
armed  combat  [2].  Despite  advances  in  the  early  resuscitative  management  and 
definitive  repair  of  such  injuries,  limb  loss  has  remained  a  concern  as  evidenced 
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by  the  amputation  rates  reported  from  these  conflicts.  In  a  review  of  1 ,000  cases 
of  acute  major  arterial  injury  reported  from  Vietnam  between  1965  and  1968,  the 
amputation  rate  was  significantly  less  than  prior  confiicts,  but  was  stiil  13.5%  [2]. 
Given  the  frequency  of  major  arteriai  injury  and  hemorrhagic  shock  due  to 
combat  injuries,  and  that  many  of  the  adverse  sequeiae  of  these  injuries  are  at 
least  in  part  mediated  by  compiement  activation,  an  effective  inhibitor  of 
complement  activation  would  have  tremendous  therapeutic  potential  in  the 
setting  of  combat  casualty  care.  The  extension  of  the  window  of  opportunity  in 
which  a  limb  can  be  saved  would  be  of  great  value  especially  in  a  limited 
environment  such  as  peacekeeping  missions.  The  overaii  goal  of  this  proposai  is 
to  identify  complement  activation  inhibitors  that  can  be  used  effectively  and 
safely  in  injured  soldiers  or  other  appropriate  clinical  settings.  We  anticipate  that 
some  of  these  bioiogics  wiii  be  part  of  the  initial-first  aid-  kit  that  will  prevent  of 
limit  the  magnitude  of  the  injury.  More  specifically,  an  appropriate  inhibitor  c  can 
be  part  of  a  patch  or  initial  intravenous  fiuids  that  are  given  by  the  fieid  medic  to 
limit  the  effects  of  complement  mediated  tissue  damage.  We  know  that 
complement  activation  in  damaging  tissues  and  therefore  iimiting  its  injurious 
effects  shouid  be  desirabie.  We  aim  at  reducing  the  resuscitation  fiuid  volume 
required  for  resuscitation  to  the  minimum  possible.  We  aim  reducing  mortaiity  by 
70%.  We  aim  at  iimiting  morbidity  by  70%. 

Public  Purpose: 

Hemorrhage  is  a  frequent  consequence  of  automobile,  farm  and  occupational 
accidents.  Therefore,  any  inhibitors  which  are  useful  on  the  battlefield  will  also 
be  useful  in  the  paramedic’s  bag  in  the  ambulance  or  for  the  physician  in  the 
emergency  room. 
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BODY 


A.  Decay-accelerating  factor  attenuates  remote  ischemia-reperfusion-initiated  organ 
damage. 

A.1 .  As  discussed  in  the  introduction,  compiement  activation  contributes  to  the 
expression  of  locai  and  remote  organ  injury  in  animai  models  of  ischemia- 
reperfusion  (IR).  We  demonstrated  here  that  a  soluble  form  of  decay- 
accelerating  factor  (DAF)  protects  normal  C57BI/6  and  autoimmunity-prone 
B6.MRL/ipr  mice  subjected  to  hindlimb  IR  from  remote  intestinal  and  lung  injury 
without  affecting  the  degree  of  iocal  skeletai  muscle  injury.  In  addition,  DAF 
treatment  attenuated  remote  organ  injury  in  mice  subjected  to  mesenteric  IR. 

Soluble  DAF  allowed  the  deposition  of  complement  3  in  iocal  and  remote  injury 
sites  whiie  it  limited  the  presence  of  terminal  membrane  attack  complex  and  did 
not  increase  animal  susceptibility  to  sepsis.  These  data  provide  evidence  that 
soiubie  DAF  might  offer  clinical  benefit  to  patients  suffering  remote  intestinal  or 
lung  damage  in  response  to  muscle  or  other  organ  injury  (see  attached 
Publication  for  detailed  report  of  the  data.  APPENDIX  1). 

A.2.  Because  tissue  injury  occurs  invariably  in  the  setting  of  inflammation,  we 
wished  to  expiore  whether  tissue  injury  occurring  in  the  setting  of  systemic 
infiammation.  A  marker  and  causative  agent  of  tissue  inflammation  is  C-reactive 
protein  (CRP).  CRP  is  an  acute  pro-inflammatory  mediator  that  has  been 
demonstrated  to  enhance  ischemia/reperfusion  (IR)  injury  by  virtue  of  activating 
the  compiement  system.  CRP  is  abie  to  interact  with  complement  proteins  such 
as  C1q,  complement  factor  H,  and  C4b-binding  protein.  Since  complement 
activation  is  central  in  the  expression  of  tissue  injury  following  IR,  we  have 
investigated  the  effects  of  human  decay-accelerating  factor  (DAF),  a  complement 
inhibitor,  on  CRP-potentiated  complement  activation  and  tissue  injury  in  mice 
subjected  to  mesenteric  IR. 

Male  C57B1/6  mice  were  allocated  into  eight  groups:  (1)  Sham-operated  group  without  IR 
injury;  (2)  CRP-i-Sham  group;  (3)  IR  group;  (4)  CRP-i-IR  group;  (5)  DAF  group;  (6)  CRP-i-DAF 
group;  (7)  IR-nDAF  group,  and  (8)  CRP-i-IR-hDAF  group.  Intestinal  and  lung  injury, 
neutrophii  infiltration,  myeioperoxidase  (MPO)  expression,  compiement  component 
deposition,  and  interleukin-6  (IL-6)  production  were  assessed  for  each  treatment 
group  of  mice. 

We  found  that  administration  of  DAF  significantly  attenuates  the  CRP-enhanced  intestinal 
injury  as  well  as  remote  lung  damages  following  acute  mesenteric  IR  in  mice,  while  DAF 
inhibits  compiement  activation,  suppresses  neutrophii  infiitration,  and  reduces  IL-6 
production. 

We  conciuded  that  that  inhibition  compiement  activation  with  DAF  may  prove  useful 
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for  the  treatment  of  post-ischemic  infiammatory  injuries  associated  with  an 
increased  production  of  CRP.  Details  on  the  experimental  data  can  be  found  in 
the  attached  PDF  of  the  published  paper  APPENDIX  2. 

The  data  from  this  series  of  studies  have  been  used  to  move  on  to  determine 
whether  DAF  can  prevent  tissue  injury  in  a  swine  polytrauma  model.  If  this  is 
succesfull,  we  will  propose  a  phase  I/ll  clinical  trial. 


B.  A  Novel  Inhibitor  of  the  Alternative  Pathway  of  Complement  (CRIg) 
Attenuates  Intestinal  Ischemia/Reperfusion-Induced  Injury. 

Complement  activation  has  been  demonstrated  to  contribute  significantly  to  the 
expression  of  IR-induced  tissue  damage.  Each  of  the  three  compiement 
pathways,  classic,  aiternative,  and  iectin,  has  been  implicated  in  the  instigation  of 
tissue  pathoiogy.  We  used  a  seiective  inhibitor  of  the  alternative  pathway,  that  is, 
a  soluble  form  of  complement  receptor  of  the  immunoglobulin  superfamiiy  (CRIg- 
Fc)  to  determine  whether  it  can  prevent  IR  tissue  injury.  We  demonstrated  that 
treatment  of  C57B1/6  mice  prior  to  mesenteric  IR  prevents  local  (intestinal)  and 
remote  (lung)  injury  by  limiting  deposition  of  complement  and  entry  of 
polymorphonuclear  cells  to  the  sites  of  injury.  Our  resuits  show  that 
CRIg-Fc  represents  a  candidate  to  limit  IR  injury  as  it  occurs  in  various  ciinicai 
conditions.  Details  on  the  experimental  data  can  be  found  in  the  attached  PDF  of 
the  published  paper  APPENDIX  3. 

The  data  from  this  series  of  studies  provide  the  required  rational  to  move  on  to 
determine  whether  DAF  can  prevent  tissue  injury  in  a  swine  poiytrauma  model. 

If  this  is  successfui,  we  wiii  propose  a  phase  I/ll  clinical  trial. 


C.  Complement  component  C5a  mediates  hemorrhage-induced  intestinal 
damage. 

Complement  has  been  implicated  in  the  pathogenesis  of  intestinal 
damage  and  inflammation  in  multiple  animal  models.  Although  the  exact 
mechanism  is  unknown,  inhibition  of  compiement  prevents  hemodynamic 
aiterations  in  hemorrhage. 

C57BI/6,  compiement  5  deficient  (C5-/-)  and  sufficient  (C5-I-/-I-)  mice  were 
subjected  to  25%  blood  loss.  In  some  cases,  C57BI/6  mice  were  treated  with 
C5a  receptor  antagonist  (C5aRa)  post-hemorrhage.  Intestinai  injury,  leukotriene 
B4,  and  myeioperoxidase  production  were  assessed  for  each  treatment  group  of 
mice. 

Mice  subjected  to  significant  biood  loss  without  major  trauma  develop  intestinal 
inflammation  and  tissue  damage  within  2  hours.  We  report  here  that  compiement 
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5  (C5)  deficient  mice  are  protected  from  intestinal  tissue  damage  when  subjected 
to  hemorrhage  (injury  score  =  0.36  compared  with  wildtype  hemorrhaged  animal 
injury  score  =  2.89;  P  <  0.05).  We  present  evidence  that  C5a  represents  the 
effector  molecule  because  C57BI/6  mice  treated  with  a  C5a  receptor  antagonist 
displayed  limited  intestinal  Injury  (Injury  score  =  0.88),  leukotriene  B4  (13.16 
pg/mg  tissue),  and  myeloperoxidase  (1 15.6  pg/mg  tissue)  production  compared 
with  hemorrhaged  C57BI/6  mice  (P  <  0.05).  Complement  activation  Is  Important 
in  the  development  of  hemorrhage-induced  tissue  injury  and  C5a  generation  is 
critical  for  tissue  inflammation  and  damage.  Details  on  the  experimental  data  can 
be  found  in  the  attached  PDF  of  the  published  paper  APPENDIX  4. 

We  believe  that  therapeutics  targeting  C5a  may  be  useful  therapeutics  for 
hemorrhage-associated  injury. 

D.  Annexin  IV  represents  an  antigen  expressed  by  injured  cells  which 
binds  natural  antibodies,  activated  compiement  and  instigates  damage. 

Previously  we  had  shown  that  intestinal  ischemia-reperfusion  injury  is  initiated 
when  natural  IgM  Abs  recognize  neo-epitopes  that  are  revealed  on  Ischemic 
cells.  The  target  molecules  and  mechanisms  whereby  these  neo-epitopes 
become  accessible  to  recognition  are  not  well  understood.  Proposing  that 
isolated  intestinal  epithelial  cells  (lEC)  may  carry  IR-related  neo-epitopes,  we 
used  in  vitro  lEC  binding  assays  to  screen  hybridomas  created  from  B  cells  of 
unmanipulated  wild-type  C57BL/6  mice.  We  identified  a  novel  IgM  mAb  (mAb  B4) 
that  reacted  with  the  surface  of  I  EC  by  flow  cytometric  analysis  and  was  alone 
capable  of  causing  complement  activation,  neutrophil  recruitment  and  intestinal 
injury  in  otherwise  IR-resistant  Rag1(-/-)  mice.  mAb  B4  was  found  to  specifically 
recognize  mouse  annexin  IV.  Preinjection  of  recombinant  annexin  IV  blocked  IR 
injury  in  wild-type  C57BL/6  mice,  demonstrating  the  requirement  for  recognition 
of  this  protein  to  develop  IR  injury  in  the  context  of  a  complex  natural  Ab 
repertoire.  Humans  were  also  found  to  exhibit  IgM  natural  Abs  that  recognize 
annexin  IV.  These  data  in  toto  identify  annexin  IV  as  a  key  ischemia-related 
target  Ag  that  is  recognized  by  natural  Abs  in  a  pathologic  process  required  in 
vivo  to  develop  intestinal  IR  injury.  Details  on  the  experimental  data  can  be  found 
in  the  attached  PDF  of  the  published  paper  APPENDIX  5. 

The  data  from  this  series  of  studies  provide  the  required  rational  to  use  Annexin 
IV  to  prevent  tissue  injury.  A  patent  has  been  submitted  which  includes  WRAIR 
(RADII)  and  the  University  of  Colorado  and  BIDMC. 

E.  Actin  polymerization  accounts  for  the  binding  of  natural  antibodies  to 
ischemic  tissues. 

Ischemia-reperfusion  (IR)  injury  represents  a  major  clinical  challenge,  which 
contributes  to  morbidity  and  mortality  during  surgery.  The  critical  role  of 
natural  immunoglobulin  M  (IgM)  and  complement  in  tissue  injury  has  been 
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demonstrated.  However,  cellular  mechanisms  that  result  in  the  deposition  of 
naturai  IgM  and  the  activation  of  compiement  are  stiii  unciear.  In  this  report, 
using  a  murine  intestinal  IR  injury  model,  we  demonstrated  that  the  beta-actin 
protein  in  the  smali  intestine  was  cleaved  and  actin  filaments  in  the  columnar 
epithelial  cells  were  aggregated  after  a  transient  disruption  during  30  min  of 
ischemia.  Ischemia  aiso  ied  to  deposition  of  natural  IgM  and  complement  3  (C3).  A 
low  dose  of  cytochalasin  D,  a  depolymerization  reagent  of  the  actin  cytoskeieton, 
attenuated  this  deposition  and  aiso  attenuated  intestinal  tissue  injury  in  a 
dose-dependent  manner.  In  contrast,  high  doses  of  cytochalasin  D  faiied  to  worsen 
the  injury.  These  data  indicate  that  ischemia-mediated  aggregation  of  the  actin 
cytoskeieton,  rather  than  its  disruption,  results  directly  in  the  deposition  of 
naturai  IgM  and  C3. 

We  concluded  that  ischemia-mediated  aggregation  of  the  actin 

cytoskeieton  ieads  to  the  deposition  of  natural  IgM  and  the  activation  of 

complement,  as  well  as  tissue  injury.  Details  on  the  experimental  data  can  be  found  in  the 

attached  PDF  of  the  published  paper  APPENDIX  6. 

F.  B  cells  contribute  to  ischemia/reperfusion-mediated  tissue  injury. 

Multiple  elements  are  known  to  participate  in  ischemia/reperfusion  (l/R)-mediated 
tissue  injury.  Amongst  them,  B  ceils  have  been  shown  to  contribute  by  the 
production  of  antibodies  that  bind  to  ischemic  cells  and  fix  compiement.  It  is 
currentiy  unknown  whether  B  cells  participate  through  antibody-independent 
mechanisms  in  the  pathogenesis  of  l/R.  In  a  mesenteric  l/R  modei  we  found  that  B 
ceiis  infiitrate  the  injured  intestine  of  normai  and  autoimmune  mice  2h  after 
reperfusion  is  established.  B  ceii  depletion  protected  mice  from  the  development 
of  l/R-mediated  intestinal  damage.  The  protection  conferred  by  B  ceii  depletion 
was  significantly  greater  in  MRL/ipr  mice.  Finaiiy,  we  show  that  ischemic  tissue 
expressed  the  B  ceil-attractant  CXCL13  and  infiltrating  B  cells  expressed  the 
corresponding  receptor  CXCR5.  Our  data  grant  B  ceiis  an  antibody-independent 
role  in  the  pathogenesis  of  intestinal  l/R  and  suggest  that  B  cells  accumulate  in 
the  injured  tissue  in  response  to  the  chemokine  CXCL13.  Details  on  the 
experimental  data  can  be  found  in  the  attached  PDF  of  the  published  paper 
APPENDIX  7. 

These  data  suggest  that  B  cell  depletion  using  availabie  and  approved  by  the 
FDA  to  control  tissue  injury  due  to  ischemia. 

G.  IL-17  producing  CD4+  T  cells  mediate  accelerated  ischemia/reperfusion- 
induced  injury  in  autoimmunity-prone  mice. 

Elements  of  the  innate  and  adaptive  immune  response  have  been  impiicated  in 
the  deveiopment  of  tissue  damage  after  ischemic  reperfusion  (l/R).  We 
demonstrated  that  T  cells  infiltrate  the  intestine  of  C57BL/6  mice  subjected  to 
intestinal  l/R  during  the  first  hour  of  reperfusion.  The  intensity  of  the  T  ceii 
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infiltration  was  higher  in  B6.MRI_/lpr  mice  subjected  to  intestinal  l/R  and  reflected 
more  severe  tissue  damage  than  that  observed  in  control  mice.  Depletion  of  T 
cells  limited  l/R  damage  In  B6.MRL/lpr  mice,  whereas  repletion  of  B6.MRL/lpr 
lymph  node-derived  T  cells  into  the  l/R-resistant  Rag-1  (-/-)  mouse  reconstituted 
tissue  injury.  The  tissue-infiltrating  T  cells  were  found  to  produce  IL-17.  Finally, 
IL-23  deficient  mice,  which  are  known  not  to  produce  IL-17,  displayed 
significantly  less  intestinal  damage  when  subjected  to  l/R.  Details  on  the 
experimental  data  can  be  found  in  the  attached  PDF  of  the  published  paper 
APPENDIX  8. 

Our  data  assign  T  cells  a  major  role  in  intestinal  l/R  damage  by  virtue  of 
producing  the  pro-inflammatory  cytokine  IL-1 7.  Anti-IL-1 7  biologies  that  are 
being  now  developed  for  a  number  of  medical  conditions  may  serve  also  trauma 
patients  in  the  civilian  and  battlefield  arena. 


12 


Key  accomplishments: 


1 .  Demonstrated  the  importance  of  DAF  in  limiting  tissue  injury  and  expecially  after 
inflammatory  conditions. 

2.  Demonstrated  that  complement  component  C5a  mediates  hemorrhage-induced 
intestinal  damage. 

3.  A  novel  inhibitor  of  the  alternative  pathway  of  complement  attenuates  intestinal 
ischemia-reperfusion-induced  injury. 

4.  Demonstrated  that  Ischemia-mediated  aggregation  of  the  actin  cytoskeleton  is 
one  of  the  major  initial  events  resulting  in  ischemia-reperfusion  injury 

5.  Proved  that  IL-17  producing  CD4+  T  cells  mediate  accelerated 
ischemia/reperfusion-induced  injury  in  mice. 

6.  Showed  first  evidence  that  B  cells  contribute  to  ischemia/reperfusion-mediated 
tissue  injury. 
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Conclusions 


We  have  established  that  DAF  limits  tissue  injury  and  moved  it  to  large  animals  of  polytrauma 
injury.  We  have  defined  the  importance  of  C5a  in  tissue  injury  and  we  have  recommended 
that  C5a  inhibitors  may  be  of  value  in  limiting  tissue  injury.  Finally  we  have  introduce  a  novel 
inhibitor,  CRIg,  in  the  field  of  tissue  injury.  We  have  established  that  T  cells  and  B  cells  are 
important  in  the  execution  of  injury.  We  have  demonstrated  the  importance  of  Annexin  IV  in 
instigating  tissue  injury.  A  discovery  approach  has  revealed  yet  novel  targets  that  may  limit 
tissue  injury.  Our  first  finding  was  that  actin  polymerization  is  important  for  the  expression  of 
tissue  injury. 

In  sum,  SIX  new  approaches  to  the  treatment  of  tissue  injury  have  been  introduced. 
Whiie  ourselves  are  moving  some  of  them  to  the  next  phase,  we  believe  that  the 
information  that  we  have  pubiished  wiii  be  of  vaiue  to  the  industry  and  government 
agencies  in  carrying  on  iarge  animal  and  clinical  studies. 
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Abstract  Complement  activation  contributes  to  the  expression  of  local  and  remote  organ 
injury  in  animal  models  of  ischemia-reperfusion  (IR).  We  demonstrate  here  that  a  soluble  form  of 
decay-accelerating  factor  (DAF)  protects  normal  C57BI/6  and  autoimmunity-prone  B6.MRL//pr 
mice  subjected  to  hindlimb  IR  from  remote  intestinal  and  lung  injury  without  affecting  the 
degree  of  local  skeletal  muscle  injury.  In  addition,  DAF  treatment  attenuates  remote  organ  injury 
in  mice  subjected  to  mesenteric  IR.  Soluble  DAF  allowed  the  deposition  of  complement  3  in  local 
and  remote  injury  sites  while  it  limited  the  presence  of  terminal  membrane  attack  complex  and 
did  not  increase  animal  susceptibility  to  sepsis.  These  data  provide  evidence  that  soluble  DAF 
might  offer  clinical  benefit  to  patients  suffering  remote  intestinal  or  lung  damage  in  response  to 
muscle  or  other  organ  injury. 

©  2007  Elsevier  Inc.  All  rights  reserved. 


Introduction 

Ischemia-reperfusion  (IR)  is  a  common  clinical  entity  encoun¬ 
tered  in  diverse  fields  such  as  vascular  surgery,  trauma,  cardiac 
surgery,  transplant,  and  cardiovascular  medicine.  The  acute 
inflammatory  response  following  an  ischemic  insult  instigates 
pathology  in  local  and  remote  organs  leading  to  significant 
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morbidity  and  mortality.  The  critical  role  of  complement 
activation  in  tissue  injury  has  been  amply  demonstrated, 
resulting  in  various  attempts  at  therapeutic  intervention. 

Observations  of  decreased  myocardial  inflammation  with 
transient  depletion  of  complement  (C)  3  [1]  and  of  the 
beneficial  effect  of  soluble  complement  receptor  1  (sCRI )  on 
IR  pathology  [2-7]  implicated  a  role  for  complement  in  IR 
tissue  damage.  Studies  in  C3-  and  C4-deficient  mice  provided 
the  first  convincing  evidence  that  IR-initiated  tissue  injury  is 
complement-dependent  [8,9]. 

The  fact  that  Rag-2-/- mice  lacking  serum  Ig  are  protected 
from  IR  damage  and  that  this  protection  is  abrogated  with 
infusion  of  wild-type  Ig  indicated  that  natural  antibodies  play 
a  critical  role  in  augmented  IR  injury  [8,9].  Further,  evidence 
that  Cr  2-/-  mice  displaying  altered  Ig  responses  were  also 
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resistant  to  IR  injury  despite  normal  circulating  levels  of  IgG 
and  IgM,  and  that  injury  was  restored  with  Ig  from  wild-type 
mice,  suggested  the  presence  of  a  distinct  subset  of  Abs 
responsible  for  the  initiation  of  IR  injury  [10,1 1]. 

Recent  work  has  further  narrowed  the  pathogenic  natural 
Ig  repertoire  and  revealed  likely  initial  target  antigens.  An 
antibody  directed  against  non-muscle  myosin  heavy  chain 
type  II  (NMHC-II)  was  found  to  reconstitute  damage  in  IR- 
resistant  mice  [12-14]  as  were  anti-DNA,  anti-histone  [15], 
and  anti-phospholipid  antibodies  [16].  It  appears  that  multi¬ 
ple  specificities  are  involved  in  Ag-Ab  reactions  leading  to  IR 
damage,  and  with  the  number  of  downstream  events  in  the 
cascade,  various  targets  for  intervention  exist. 

Therapeutic  inhibition  of  the  complement  system  has 
been  tried  successfully  in  multiple  animal  models  of  IR  injury 
[2-6,17-20].  However,  indiscriminate  suppression  of  com¬ 
plement  may  increase  susceptibility  to  infection,  especially 
in  already  immunocompromised  individuals.  Concern  over 
infectious  risks  of  systemic  complement  inhibition  led  to 
design  of  complement  inhibitors  directed  to  sites  of 
complement  activation.  A  fusion  protein  consisting  of 
complement  receptor  2  and  a  complement  inhibitor  protein 
(Crry)  effectively  limited  organ  injury  without  altering  the 
susceptibility  of  mice  to  sepsis  [21]. 

Decay-accelerating  factor  (DAF)  is  a  glycosylphosphatidy- 
linositol  (GPI)-anchored  membrane  protein  which  contains 
four  short  consensus  repeat  (SCR)  modules  and  a  C-terminal 
0-glycosylated  extension  [22].  DAF  binds  CD97  through  its 
first  SCR  [23].  Through  its  2nd  and  3rd  SCR,  DAF  binds  to  and 
dissociates  C3  and  C5  convertases  assembling  on  host  cells 
[22-42],  thereby  protecting  cells  from  complement  activa¬ 
tion  on  their  surfaces  and  preventing  C5b-9  formation 
[25,26,43-51].  Because  DAF  accelerates  convertase  decay 
and  interrupts  the  complement  amplification  loop,  we 
reasoned  that  both  local  and,  more  prominently,  remote 
injury  should  be  attenuated  by  DAF  treatment. 

Our  results  demonstrate  that  administration  of  soluble 
human  DAF  reduces  remote  intestinal  and  lung  damage  in  a 
hindlimb  IR  model  as  well  as  remote  injury  in  a  mesenteric  IR 
model  in  normal  and  autoimmunity  prone  mice  while 
conserving  resistance  to  polymicrobial  sepsis. 

Materials  and  methods 

Animals 

C57BI/6  mice  ages  8  to  12  weeks  were  used  in  the  hindlimb 
model  of  skeletal  muscle  IR.  B6.MRL//pr  autoimmune  mice 
were  used  in  the  IR  model  at  age  5  to  6  months  (after  their 
autoimmune  phenotype  had  sufficient  time  to  express). 
Animals  in  this  study  were  maintained  in  accordance  with  the 
guidelines  of  the  Laboratory  Animal  Medicine  Department/ 
lACUC  of  USUHS  and  the  Committee  on  the  Care  and  Use  of 
Laboratory  Animals  of  the  Institute  of  Laboratory  Animal 
Resources,  National  Research  Council. 

Hindlimb  model  of  IR 

C57BI/6  mice  ages  8-12  weeks  or  B6.MRL//pr  mice  ages  5- 
6  months  were  exposed  to  2  h  of  hindlimb  ischemia  and  3  h  of 
reperfusion  as  previously  described  [8,13].  Anesthesia  was 


administered  with  injection  of  a  mixture  of  ketamine  and 
xylazine.  Two  rubber  bands  ( La tex-0- Rings;  Miltex,  Inc. )  were 
applied  above  the  greater  trochanter  of  one  hindlimb 
following  2  min  of  hindlimb  elevation  to  decrease  venous 
congestion  using  a  McGivney  Hemorrhoid  Ligator  (Miltex,  Inc. , 
York,  PA).  Sham  mice  did  not  undergo  banding.  Mice  were  kept 
anesthetized  for  the  duration  of  the  experiment.  Five 
minutes  prior  to  reperfusion,  mice  were  injected  with  the 
indicated  dose  per  animal  DAF  (rhCD55/DAF,  R&D  Systems, 
Minneapolis,  MN)  or  0.2  ml  sterile  1  x  PBS  intravenously  by  tail 
vein  injection.  At  the  2-h  time  point,  rubber  bands  were  cut, 
and  limb  reperfusion  was  confirmed  by  return  of  pink  color  to 
formerly  dusky  ischemic  limbs.  Animals  were  allowed  to 
reperfuse  for  3  h  under  anesthesia  prior  to  sacrifice. 
Harvested  tissues  (lung,  intestine,  liver,  kidney,  spleen, 
muscle)  were  fixed  overnight  in  10%  formalin  (for  paraffin 
blocks)  or  4%  paraformaldehyde  (for  frozen  sections).  Frozen 
section  tissues  stored  in  4%  paraformaldehyde  were  washed  in 
PBS  and  sucrose  and  made  into  blocks  for  future  sectioning. 

Determination  of  DAF  deposition 

To  determine  time  in  circulation  of  rhCD55/DAF,  C57BI/6 
mice  were  subjected  to  hindlimb  IR  as  described  above.  After 
2  h  of  hindlimb  ischemia,  mice  were  injected  with  either  PBS 
vehicle  control  or  2  rig  DAF  by  tail  vein  injection  5  min  prior 
to  reperfusion.  Tissues  were  harvested  5  min  post-reperfu- 
sion  (10  min  after  DAF  or  PBS  injection)  and  55  min  post¬ 
reperfusion  (1  h  after  DAF  or  PBS  injection).  Muscle, 
intestine,  and  lung  were  harvested  and  placed  in  4% 
paraformaldehyde  overnight  for  fixation.  Organs  were 
placed  into  blocks  to  obtain  frozen  sections.  Sections  were 
cut  and  stained  with  anti-DAF  or  anti-C3-FITC. 

Mesenteric  model  of  IR 

Five-month-old  B6.MRL//pr  and  C57BI/6  mice  were  exposed 
to  laparotomy  and  clamping  of  the  superior  mesenteric  artery 
(SAAA)  following  30  min  of  equilibration  after  opening  the 
abdomen  as  previously  described  [15].  Clamp  was  released 
after  30  min  and  animals  were  allowed  to  reperfuse  for  2  h 
prior  to  sacrifice  by  anesthetic  overdose.  Five  minutes  prior 
to  reperfusion,  mice  were  injected  with  2  rig  per  animal  DAF 
(rhCD55/DAF,  R&D  Systems,  Minneapolis,  MN)  or  0.2  ml  sterile 
lx  PBS  intravenously  by  tail  vein  injection.  Mice  were  kept 
anesthetized  for  the  duration  of  the  experiment.  Harvested 
tissues  (lung,  intestine,  liver,  kidney,  spleen,  muscle)  were 
fixed  overnight  in  10%  formalin  (for  paraffin  blocks)  or  4% 
paraformaldehyde  (for  frozen  sections).  Frozen  section 
tissues  stored  in  4%  paraformaldehyde  were  washed  in  PBS 
and  sucrose  and  made  into  blocks  for  future  sectioning. 

Cecal  ligation  and  puncture  (CLP)  model  of 
polymicrobial  sepsis 

C57BI/6  mice  ages  3-8  weeks  were  allowed  to  acclimate  to 
the  USUHS  animal  facility  for  1-2  weeks  prior  to  use  in 
experiments.  Mice  were  anesthetized  with  4%  isoflurane  in  a 
sealed  canister  using  VetEquip  inhalant  anesthesia  equip¬ 
ment  (VetEquip,  Incorporated,  Pleasanton,  CA).  Following 
induction  of  anesthesia,  mice  were  moved  to  nose  cones  with 


DAF  attenuates  organ  damage 


313 


flow  rates  of  0.5  l/min  isoflurane  for  the  duration  of  the 
procedure.  The  abdomen  was  shaved  with  an  electric  razor 
and  then  prepped  with  betadine  prior  to  draping.  Midline 
incision  was  made  using  a  10  blade  and  the  peritoneal  cavity 
opened  with  iris  scissors.  The  cecum  was  retrieved  and 
ligated  with  4-0  silk  (Ethicon)  15  mm  from  the  cecal  pole, 
taking  care  to  ensure  intestinal  continuity  so  as  not  to  cause 
bowel  obstruction.  An  18-gauge  needle  was  then  employed 
to  punch  a  full  thickness  hole  in  the  cecum.  The  cecum  was 
squeezed  to  allow  a  drop  of  stool  to  exude  before  replacing  it 
in  the  abdominal  cavity.  Peritoneal  cavity  and  skin/fur  were 
closed  in  one  layer  with  3-0  vicryl  (Ethicon).  Following 
abdominal  closure,  mice  were  injected  i.v.  (by  tail  vein 
injection)  with  2  rig/animal  (0.2  ml)  DAF  (rhCD55/DAF,  R&D 
Systems,  Minneapolis,  MN)  or  0.2  ml  sterile  1  x  PBS.  They  also 
received  a  subcutaneous  injection  of  1  cm^  warm  normal 
saline  prior  to  placement  in  their  cages  postoperative.  Mice 
were  maintained  on  a  heating  pad  throughout  the  experi¬ 
ment  and  for  4  h  postoperative.  Mice  were  observed  every 
4  h  for  the  first  48  h  postoperative  then  every  8  h  up  to  a  time 
point  of  240  h  (10  days).  They  were  allowed  access  to  food 
and  water  ad  libitum  and  were  provided  with  gel  in  the  floor 
of  their  cages  and  non-irritant  bedding  postoperative.  No 
antibiotics  or  anti-inflammatories  were  administered.  The 
endpoint  was  hours  survived  postoperatively. 

Cobra  venom  factor  (CVF)-treated  animals  were  used  as 
positive  controls  in  this  experiment.  C57BI/6  mice  were 
injected  I.P.  with  two  separate  injections  of  3  rig  per  animal 
CVF  (Cobra  Venom  Factor,  Naja  naja  kaouthia,  Calbiochem, 
La  Jolla,  CA)  on  the  2  days  prior  to  the  planned  CLP 
procedure.  Therefore,  each  mouse  received  a  total  of  6  rig/ 
animal  CVF  (roughly  equal  to  one  unit  functional  activity). 
Procedure  was  carried  out  as  above  except  that  CVF-treated 
mice  received  no  postoperative  intravenous  injection. 

Scoring 

Formalin-fixed  tissues  were  made  into  paraffin  blocks  and 
slides  were  created  from  these  blocks.  Intestines  harvested 
were  opened  and  pinned  flat  prior  to  fixation.  Intestine  and 
muscle  were  cut  two  sections  per  slide,  while  lung  was  cut 
three  sections  per  slide  in  serial  sections  5  mm  apart  to  obtain 
a  representative  group  for  scoring.  Slides  were  stained  with 
hematoxylin  and  eosin  (H&E)  prior  to  scoring  for  injury. 

Intestine 

Intestine  was  scored  for  injury  as  previously  described 
[15,16].  Points  were  given  for  edema  (0  to  1),  hemorrhage 
(0  to  1),  and  an  average  score  of  villi  destruction  ranging 
from  0  to  6  (normal  intact  villi  to  denuded  villi  with 
hemorrhage  and  exuding  lamina  propria).  Scoring  was 
performed  in  a  blind  manner  (animals  coded  by  color).  An 
average  of  72  villi  were  scored  for  injury  per  animal  in  nearly 
all  cases  unless  this  number  of  villi  were  not  present  due  to 
poor  sectioning. 

Lung 

Lung  sections  were  cut  three  sections  per  animal  5  mm  apart 
and  placed  on  slides.  They  were  scored  in  a  method 


described  by  Cooke  et  al.  [52].  First,  lung  was  scored  on  a 
scale  of  0  to  3  for  pneumonitis  (parenchymal  consolidation) 
at  low  power.  The  extent  of  involvement  by  pneumonitis  in 
each  lung  section  was  scored  and  the  three  values  averaged 
for  a  total  extent  involvement  score  for  the  animal.  The 
pneumonitis  score  and  extent  involvement  by  pneumonitis 
were  multiplied  together  to  obtain  a  “pneumonitis  index.” 
Next,  perivascular  infiltrate  was  assessed  on  a  scale  of  0  to 
3  for  multiple  vessels  in  each  lung  section  and  averaged  to 
obtain  a  final  average  score  for  the  animal.  On  average, 
twenty  to  forty  vessels  were  scored  per  animal  for  peri¬ 
vascular  infiltrate.  Again  at  low  power,  extent  of  involve¬ 
ment  by  perivascular  infiltrate  in  each  lung  was  estimated 
for  each  section  and  averaged  to  determine  perivascular 
infiltrate  extent  of  involvement  for  the  animal.  The  peri¬ 
vascular  infiltrate  value  was  multiplied  by  extent  of 
involvement  to  give  each  animal’s  “perivascular  infiltrate 
index.”  The  total  injury  index  for  each  animal  was  then  the 
pneumonitis  index  added  to  the  perivascular  infiltrate 
index. 

Muscle 

Local  injury  to  the  hindlimb  muscle  was  scored  according  to 
the  method  published  in  previous  studies  [8,53,53].  As  it  is 
difficult  to  identify  individual  muscle  fiber  borders  when 
injury  is  present,  percentage  of  the  specimen  where 
damage  exists  was  assessed  and  given  a  numerical  score. 
Additional  points  were  given  for  notable  edema  (0  to  1 )  and 
hemorrhage  (0  to  1)  in  specimens.  Maximum  total  injury 
score  was  6. 

Lung  density  determination 

Lung  slides  stained  with  H&E  were  used  for  lung  density 
quantification.  Pictures  were  taken  on  the  Olympus  Leica 
microscope  at  200x  magnification  along  the  perimeter  of 
each  lung  section.  Using  the  Image  J  program  (NIH, 
Bethesda,  MD),  image  was  changed  to  black  and  white  pixels 
with  black  representing  lung  parenchyma  and  white  open 
space.  Approximately  20  to  26  pictures  were  taken  per 
animal  and  Image  J  values  averaged  to  determine  total 
percentage  of  open  space  for  oxygen  exchange  present  in 
each  animal.  These  scores  are  shown  on  scatter  plots  to 
reveal  the  variation  between  animals  within  each  group. 
Pictures  were  also  taken  on  the  Leica  microscope  of  vessels 
to  assess  perivascular  infiltrate.  These  pictures  were 
analyzed  using  Image  J  (NIH,  Bethesda,  MD)  in  the  same 
manner  and  an  average  calculated  for  perivascular  infiltrate 
density.  15  to  25  vessels  were  assessed  for  density  of 
perivascular  infiltrate  per  animal.  Scatter  plot  was  made 
separately  of  perivascular  infiltrate  density. 

Immunohistochemistry:  C3  and  MAC  (C5b-9)  staining 

Formalin-fixed  paraffin  sections  of  muscle,  intestine,  and 
lung  were  subjected  to  rehydration  and  antigen  retrieval  in 
a  standard  protocol.  Staining  was  done  for  C3  (ABCAM  Rabbit 
polyclonal  to  C3c)  as  well  as  for  AAAC/C5b-9  (Anti-comple¬ 
ment  C5b-9  rabbit  polyclonal  Ab,  Calbiochem,  La  Jolla,  CA). 
Control  used  was  1:10  rabbit  IgG.  Secondary  antibody 
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employed  was  a  Biotin  JP  conjugated  Affinipure  F(ab')2 
fragment  donkey  anti-rabbit  IgG  (H&L)  (Jackson,  Bar  Harbor, 
ME).  A  Vector  Nova  Red  kit  (Vector  NovaRED  substrate  kit  (for 
peroxidase)  SK-4800,  Vector,  Burlingame,  CA)  was  used  to 
develop  the  slides. 

Immunofluorescence:  C3  and  GR-1  staining 

Frozen  section  blocks  were  made  of  muscle,  intestine,  lung, 
liver,  kidney,  and  spleen  for  each  animal.  Six-micrometer 
sections  were  cut  using  a  cryostat.  These  sections  were 
stained  for  C3  using  directly  conjugated  FITC-C3  (ICN/Cappel 
fluorescein-conjugated  goat  F(ab')2  fragment  to  mouse 
complement  C3,  Aurora,  OH)  with  control  antibody  FITC- 
conjugated  goat  anti-human  IgM  (Cappel  fluorescein-con¬ 
jugated  goat  affinity  purified  F(ab')2  fragment  to  human  IgM 
(5FC  ri).  West  Chester,  PA).  Slides  were  also  stained  with 
FITC-GR1  (FITC  anti-mouse  Ly-6G(GR1)  and  Ly-6C(RB6-8C5), 
Pharmingen)  in  a  standard  immunofluorescence  protocol. 
Control  used  for  GR-1  staining  was  FITC-conjugated  lgG2a 
(FITC  rat  lgG2a,  k  isotype  control,  Pharmingen). 

Immunofluorescence:  DAF  staining 

Frozen  section  blocks  were  made  of  muscle,  intestine,  lung, 
liver,  kidney,  and  spleen  tissues  for  each  animal.  Six- 
micrometer  sections  were  cut  using  a  cryostat.  The  sections 
were  stained  with  biotinylated  anti-human  CD55/DAF  anti¬ 
body  (R&D  Systems,  Minneapolis,  MN)  as  a  primary  and 
streptavidin-PE  as  a  fluorescence-conjugated  secondary 
antibody.  The  mounting  medium  contained  DAPI. 

Quantification  of  immunofluorescence 
(C3,  DAF  deposits) 

Multiple  pictures  were  taken  on  the  Olympus  Leica  micro¬ 
scope  at  200x  magnification  of  the  fluorescent  stained  side 
and  control  side  of  each  slide  stained  with  anti-C3-FITC  or 
anti-DAF  antibody  (and  respective  control  antibodies).  Four 
to  six  images  were  taken  per  animal.  Images  were  then 
opened  using  the  Adobe  Photoshop  program  and  adjusted 
until  only  fluorescent  deposits  and  no  background  tissue  was 
visible.  Using  the  Image  J  program  (NIH,  Bethesda,  MD), 
image  was  changed  to  black  and  white  pixels  with  black 
representing  deposits  of  C3  or  DAF,  and  white  representing 
nonstained  areas  of  the  image.  Image  was  then  changed  to 
red  and  white,  with  fluorescent  deposits  in  red,  using  the 
Image  Adjust  Threshold  command.  Finally,  image  was 
analyzed  to  give  the  total  area  in  red  (=fluorescent  deposit 
area)  in  pixels  squared.  This  number  was  entered  into  a 
Microsoft  Excel  spreadsheet  for  each  animal  and  treatment 
group.  Individual  pictures  for  each  animal  slide  of  the 
control  and  fluorescent  stained  sections  were  analyzed  and 
total  area  of  fluorescent  deposit  (in  pixels  squared)  for 
fluorescent  side  and  control  side  was  averaged  to  obtain  an 
average  value  for  each  animal.  Next,  total  area  values  for  all 
animals  in  the  DAF-  and  PBS-treated  groups  were  averaged 
to  give  average  area  of  fluorescent  deposit  for  stained  and 
control  sides  of  each  treatment  group.  These  average  values 
were  graphed  for  comparison  on  the  Graphpad  Prism 
program. 


Results 

Effect  of  DAF  on  local  hindlimb  IR  injury 

Local  skeletal  muscle  damage  from  2-h  occlusion  of  the 
femoral  artery  and  vein  followed  by  3  h  of  reperfusion  was 
assessed  by  grading  histological  skeletal  muscle  injury  with  a 
standard  scoring  system  assigning  an  injury  score  of  0  to  4 
for  histological  damage  as  previously  published  [8,9,53], 
which  we  modified  to  add  one  additional  point  for  both 
edema  and  hemorrhage,  for  a  maximum  injury  score  of  6  per 
muscle  sample.  Local  skeletal  muscle  injury  from  hindlimb 
ischemia  appeared  comparable  following  treatment  of 
C57BI/6  mice  with  DAF  (2  rig  per  animal)  5  min  prior  to 
reperfusion  (muscle  injury  score  2. 75 ±1.71  versus  3.83  ± 
1.17  in  C57BI/6  mice,  p  =  0.286,  Mann-Whitney  test.  Fig. 
1A).  Scoring  was  repeated  in  transverse  sections  of  muscle 
to  confirm  results  with  the  same  conclusion  of  comparable 
local  muscle  injury  in  PBS-  and  DAF-treated  mice.  Although 
the  overall  local  injury  of  DAF-  and  PBS-treated  animals  was 
not  appreciably  different  by  grading,  the  quality  of  the 
injury  was  altered  following  treatment  with  DAF.  It  was 
noted  that  a  larger  percentage  of  muscle  samples  from  DAF- 
treated  mice  showed  significant  edema  on  histology,  rather 
than  frank  necrosis  and  muscle  fiber  destruction,  which 
occur  later  in  ischemic  injury  and  were  more  prevalent  in 
PBS-treated  mice  (Fig.  IB). 

Immunohistochemistry  as  well  as  immunofluorescence 
confirmed  C3  deposition  in  the  skeletal  muscle  of  all  animals 
subjected  to  IR  (Fig.  1C).  Upon  quantification,  C3  deposits  in 
local  muscle,  though  less,  were  not  significantly  (p>0.05) 
different  in  DAF-treated  animals  when  compared  to  PBS- 
treated  vehicle  controls  (Fig.  2A).  However,  in  DAF-treated 
animals  no  MAC  deposition  was  seen  on  immunohisto¬ 
chemistry  (Fig.  1C). 

Treatment  with  DAF  attenuates  remote  intestinal 
injury  in  the  hindlimb  model  of  skeletal  muscle  IR 

With  the  finding  that  local  injury  was  not  significantly 
attenuated  with  DAF  treatment,  we  assessed  remote  da¬ 
mage  from  hindlimb  IR.  C57BI/6  mice  treated  with  2  rig/ 
animal  DAF  5  min  prior  to  reperfusion  exhibited  reduced 
remote  intestinal  damage  as  assessed  using  a  pathology 
score  (Fig.  3A).  DAF-treated  mice  had  a  mean  pathology 
score  of  1.19±  0.22  compared  to  2.39 ±0.73  for  PBS-treated 
mice  undergoing  IR  (Fig.  3A,  p  =  0.01,  Mann-Whitney  test). 
Animals  not  exposed  to  skeletal  muscle  ischemia  (sham)  had 
a  mean  intestine  pathology  score  of  0.396±0.15  (Fig.  3A). 
Intestinal  injury  in  all  animals  was  scattered,  with  areas  of 
preserved,  normal  villi  alternating  with  heavily  damaged 
stretches  of  broken,  denuded  villi.  Remote  intestinal  injury 
was  subtle  on  H&E  staining,  but  DAF-treated  animals 
demonstrated  fewer  areas  of  extensive  villus  injury  and 
disruption  with  more  areas  of  mild  villus  injury  compared 
to  PBS-treated  animals  subjected  to  IR.  C3  deposition  was 
readily  detectable  by  immunohistochemistry  and  immuno¬ 
fluorescence  in  all  animals  undergoing  IR  while  no  AAAC 
deposition  was  noted  in  DAF-treated  animals  (Fig.  3B). 
Fluorescence  quantification  revealed  less  C3  deposition  in 
intestines  of  DAF-treated  animals  than  in  the  PBS-treated 
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Figure  1  DAF  treatment  does  not  reduce  significantly  local  skeletal  muscle  injury.  (A)  Cumulative  local  damage  scores  of  mice 
subjected  to  hindlimb  IR  and  treated  with  2  lig/animal  DAF  or  0.2  ml  PBS  5  min  prior  to  reperfusion  (n  =  12,  4  separate  experiments). 
Error  bars  represent  standard  deviations.  (B)  Representative  H&E  sections  from  DAF-treated,  PBS-treated,  and  sham  animals  (C) 
Immunohistochemical  and  immunofluorescent  detection  of  C3  and  C5b-9  deposition  in  DAF-  and  PBS-treated  mice. 


control  group,  although  the  values  did  not  reach  statis¬ 
tical  significance  (Fig.  2B).  C3  and  DAF  deposits  coloca¬ 
lized  on  fluorescent  stained  sections  of  DAF-treated 
animals,  while  only  C3  was  deposited  in  intestines  of 
PBS-treated  animals  exposed  to  IR. 


Treatment  with  DAF  attenuates  remote  lung  injury 
in  the  hindlimb  model  of  skeletal  muscle  IR 

Remote  lung  injury  is  a  hallmark  of  the  systemic  inflamma¬ 
tory  response  to  reperfusion  following  an  ischemic  insult 
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in  the  specimens  scored.  Comparison  of  pneumonitis  scores 
with  perivascular  infiltrate  scores  in  animals  subjected  to  IR 
revealed  marked  reduction  in  both  pneumonitis  and  peri¬ 
vascular  infiltrate  indices  in  DAF-treated  mice  compared  to 
PBS-treated  controls  (1.50±1.73  and  0.143 ±0.29  versus 
5. 84 ±1.93  and  1.66 ±1.24,  respectively).  Both  pneumonitis 
and  perivascular  infiltrate  scores  were  significantly  reduced 
in  DAF-treated  animals  (p  =  0.02  for  pneumonitis,  p  =  0.02  for 
perivascular  infiltrate,  Mann-Whitney  test).  Sham  animals 
lacked  any  evidence  of  lung  injury. 

H&E  slides  from  lungs  of  PBS-treated  controls  exposed  to 
hindlimb  IR  showed  visibly  more  parenchymal  consolidation 
and  less  open  alveolar  space  for  oxygen  exchange  than  lungs 
of  both  DAF-treated  animals  and  sham  animals  (Fig.  4B).  To 
quantify  the  difference  apparent  in  histological  sections, 
lung  density  calculations  were  carried  out  to  provide  another 
measure  of  remote  damage  from  IR  (Figs.  4C  and  D).  Amount 
of  open  space  was  compared  to  space  occupied  by 
parenchymal  lung  tissue  in  H&E  stained  lung  sections  using 
the  Image  J  program  (see  Materials  and  methods).  Lung 
density  in  DAF-treated  animals  was  less  than  that  in  both 
sham  animals  and  PBS-treated  vehicle  controls  exposed  to  IR, 
though  there  was  wide  variation  between  animals  in  all  three 
groups  (Figs.  4C  and  D). 

While  C3  deposition  in  the  lungs  of  all  animals  exposed  to  IR 
was  confirmed  by  immunohistochemistry  and  immunofluor¬ 
escence,  AAAC  was  present  only  in  animals  treated  with  PBS 
and  not  in  animals  treated  with  DAF  (Fig.  4E).  C3  deposition  in 
the  lung  was  localized  primarily  to  the  endothelium  of  the 
lung  vasculature  (Fig.  4F).  C3  deposits  in  the  lung,  when 
quantified,  were  less  in  the  DAF  group  than  in  the  PBS-treated 
group  of  animals,  though  the  difference  did  not  reach 
significance  (Fig.  2C).  Fluorescent  staining  revealed  depos¬ 
ited  DAF  colocalized  with  C3  in  lung  endothelium  of  DAF- 
treated  animals  exposed  to  hindlimb  IR,  while  animals 
administered  PBS  exhibited  lung  C3  deposits  only  (Fig.  6E). 

DAF  inhibits  remote  organ  injury  in  the  hindlimb 
model  in  a  dose-dependent  manner 


Figure  2  C3  deposition  by  fluorescence  quantification  in  DAF- 
and  PBS-treated  animals  following  hindlimb  IR.  (A)  C3  deposition 
in  local  muscle  of  DAF-  and  PBS-treated  animals.  Error  bars 
represent  standard  deviations.  (B)  C3  deposition  in  remote 
intestine  of  DAF-  and  PBS-treated  animals.  Error  bars  represent 
standard  deviations.  (C)  C3  deposition  in  remote  lung  of  DAF-  and 
PBS-treated  animals.  Error  bars  represent  standard  deviations. 


[54-56].  Animals  were  subjected  to  hindlimb  IR  and 
administered  DAF  (2  rig/animal)  or  PBS  (0.2  ml)  5  min  prior 
to  reperfusion.  Lung  damage  was  scored  by  assessing 
pneumonitis  and  perivascular  infiltrates  in  H&E  stained 
slides  using  a  previously  described  grading  system  [52]. 
Total  lung  injury  index  in  DAF-treated  animals  was  1 .64 ±2.00 
versus  7.51  ±2.14  for  PBS-treated  mice  (Fig.  4A,  p  =  0.01, 
Mann-Whitney  test).  H&E  stained  slides  showed  a  clear 
decrease  in  consolidation  and  inflammatory  damage  in  DAF- 
treated  animals  (Fig.  4B).  As  evidenced  by  the  large  standard 
deviation  in  both  experimental  groups,  lung  injury  (like 
intestinal  damage)  was  discontinuous,  with  an  irregular 
distribution  of  spared  and  significantly  damaged  lung  tissue 


In  order  to  determine  the  in  vivo  effective  dose  at  which 
inhibition  of  remote  IR  injury  is  achieved  with  DAF,  C57BI/6 
mice  were  subjected  to  2  h  of  hindlimb  ischemia  and 
administered  PBS  vehicle  (0  rig  DAF),  0.2  rig  DAF,  2.0  rig 
DAF,  or  20  rig  DAF  5  min  prior  to  reperfusion.  As  the  titration 
curves  for  intestinal  (Fig.  5A)  and  lung  (Fig.  5B)  IR  injury 
demonstrate,  the  minimal  effective  dose  at  which  significant 
attenuation  of  remote  damage  is  seen  appears  to  be  2  rig. 
There  is  little  additional  benefit  in  terms  of  reduction  of 
injury  scores  seen  after  treatment  with  a  dose  10  times 
larger  (in  the  20  rig  DAF  group). 

Human  DAF  is  deposited  in  murine  tissues  10  min 
after  i.v.  injection 

DAF  staining  of  mouse  tissues  with  biotinylated  anti-human 
DAF  antibody  conjugated  to  fluorescence  (see  Materials  and 
methods)  was  quantified  using  the  Image  J  Program.  As  shown 
in  Fig.  6,  fluorescence  quantification  revealed  DAF  deposition 
in  DAF-treated  animals  at  both  10  min  and  1  h  after  DAF 
injection  (Fig.  6).  We  did  not  notice  any  DAF  deposition  in  the 
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Figure  3  DAF  treatment  attenuates  remote  intestinal  damage  following  hindlimb  IR.  (A)  Composite  intestinal  injury  score  in 
PBS-treated,  DAF-treated,  and  sham  animals.  Error  bars  represent  standard  deviations.  (B)  Immunohistochemical  and  immuno- 
fluorescent  staining  for  C3  deposition  and  AAAC  (C5b-9)  formation  in  PBS-  and  DAF-treated  animals. 


PBS-treated  animals.  DAF  in  sham  animals  was  deposited  in 
both  lung  and  intestine  at  10  min  post-injection  and  was  still 
visible  at  1  h  post-injection.  In  the  lung,  more  DAF  deposition 
was  noted  at  10  min  post-injection  than  at  1  h,  while  DAF 
deposits  in  the  intestine  were  greater  at  the  1-h  time  point 
than  at  10  min  (Fig.  6).  Using  ELISA  we  did  not  detect  any 
circulating  DAF  at  10  min  and  1  h  post-injection  (2  pg  dose, 
data  not  shown),  suggesting  that  the  majority  of  DAF  injected 
is  deposited  in  the  tissues  within  10  min. 

Since  DAF  is  likely  upregulated  in  endogenous  tissues  with 
IR,  use  of  a  biotinylated  anti-human  DAF  antibody  in  the 


mouse  was  used  to  distinguish  exogenously  administered 
human  DAF  from  murine  DAF  deposited  in  the  membranes  of 
tissues. 

DAF  treatment  attenuates  remote  intestinal  and 
lung  IR  damage  without  affecting  local  hindlimb 
skeletal  muscle  injury  in  B6.MRL/ /pr  mice 

B6.MRL//pr  mice  have  been  shown  previously  to  exhibit 
increased  mesenteric  IR  injury  attributed  to  the  presence  of 
high  titers  of  anti-DNA  and  anti-histone  antibodies  [15].  B6. 


318 


C.  Weeks  et  al. 


pneumonitis  perivasc  infiltrate 


Lung  Density  (Parenchyma) 


Lung  Density  (Perivascular  Infiltrate) 


D 


DAF 


control 


C3-FITC 


control 


C3-FITC  C3  MAC  (C5b-9) 


Figure  4  DAF  treatment  reduces  remote  lung  injury.  (A)  Total  average  lung  histological  injury  scores  in  PBS-treated,  DAF-treated, 
and  sham  mice.  Error  bars  represent  standard  deviations.  (B)  Representative  H&E  stained  lung  sections  from  treated,  vehicle  control, 
and  sham  animals.  (C  and  D)  Lung  density  measurements  of  pneumonitis  and  perivascular  infiltrate  in  PBS-treated,  DAF-treated,  and 
sham  mice.  (E)  C3  and  AAAC  (C5b-9)  deposition  by  immunohistochemistry  and  immunofluorescent  staining.  (F)  C3  deposition  on 
endothelium  of  lung  vasculature  by  immunofluorescence  (400x  magnification). 


MRL//pr  mice  displayed  comparable  local  skeletal  muscle 
injury  in  response  to  hindlimb  IR.  Similar  to  C57BI/6  mice, 
muscle  damage  scores  in  B6.MRL//pr  mice  were  comparable 
in  DAF-  and  PBS-treated  animals  (muscle  injury  score  4.00 ± 
0.0  versus  3.67±0.52  respectively.  Fig.  7A,  p  =  0.317,  Mann- 
Whitney  test).  This  scoring  was  confirmed  in  transverse 
muscle  sections  of  B.6MRL//pr  mice  with  similar  local  muscle 
injury  seen  in  both  PBS  and  DAF  treatment  groups.  C3 
deposits  were  confirmed  by  staining  in  all  muscle  samples 
from  animals  undergoing  IR  (Fig.  7B).  AAAC  (C5b-9)  staining 
was  negative  in  animals  treated  with  DAF  but  was  positive  in 
all  other  animals  undergoing  IR  (Fig.  7B). 


Intestinal  pathology  score  in  5-month-old  B6.AARL//pr  mice 
treated  with  DAF  was  1.36±0.56  compared  to  3.04±1.22  in 
PBS  vehicle-treated  animals,  showing  significant  reduction  in 
remote  villus  injury  with  DAF  treatment  (Fig.  8A,  p  =  0.01, 
AAann-Whitney  test).  H&E  sections  from  intestines  of  DAF- 
treated  and  PBS  control  mice  demonstrated  markedly 
reduced  villus  injury  in  DAF-treated  animals  (Fig.  8B). 
Intestines  of  DAF-treated  animals  on  H&E  stained  slides 
were  much  closer  in  appearance  to  sham  animal  intestines 
than  to  their  PBS  control  IR  counterparts  (Fig.  8B). 

Total  lung  injury  index  was  6.63  ±3.34  in  DAF-treated 
animals  compared  to  9.69 ±4.71  in  PBS-treated  mice. 
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Figure  5  DAF  attenuates  remote  IR  injury  in  a  dose-dependent 
manner.  (A)  Dose  titration  curve:  intestinal  IR  injury  scores  of 
animals  subjected  to  hindlimb  IR  and  administered  PBS  vehicle, 
0.2  |ig  DAF,  2.0  lig  DAF,  or  20  pg  DAF  5  min  prior  to  reperfusion. 
Error  bars  represent  standard  deviations.  (B)  Dose  titration 
curve:  lung  IR  injury  scores  of  animals  subjected  to  hindlimb  IR 
and  administered  PBS  vehicle,  0.2  pg  DAF,  2.0  pg  DAF,  and  20  pg 
DAF  5  min  prior  to  reperfusion.  Error  bars  represent  standard 
deviations. 


indicating  a  trend  towards  attenuated  injury  that  did  not 
reach  significance  due  to  large  differences  between  lung 
injury  scores  in  each  treatment  group  in  the  autoimmune 
animals  (Fig.  9A,  p=0.28,  Mann-Whitney  test).  H&E  stained 
sections  showed  slightly  less  consolidation  and  perivascular 
infiltrate  in  the  DAF-treated  animals,  but  again  the  injury 
scores  do  not  reach  significance  since  scores  between  animals 
range  widely  within  each  treatment  group  (p  =  0.13  for 
pneumonitis,  p  =  0.617  for  perivascular  infiltrate,  Mann- 
Whitney  test).  Similarly,  lung  density  calculations  were  widely 
variable  in  the  B.6MRL//pr  mice  and  did  not  exhibit 
statistically  significant  difference  between  treatment  groups. 

As  demonstrated  previously,  C3  deposition  was  seen  by 
immunohistochemical  and  immunofluorescent  staining  in  all 
animals  undergoing  IR,  while  AAAC  (C5b-9)  staining  was  only 
positive  in  animals  not  undergoing  DAF  treatment  and 
exposed  to  IR  (Figs.  8C  and  9C). 


animal  DAF  or  0.2  ml  PBS  was  administered  5  min  prior  to 
reperfusion.  Average  intestine  injury  score  was  2. 18 ±0.56  in 
DAF-treated  mice  compared  to  2.94±0.14  in  PBS-treated 
animals  (Fig.  10A,  n=14,  p  =  0.05,  Mann-Whitney  test).  As  in 
the  hindlimb  experiments,  local  injury  was  not  drastically 
affected  by  DAF  treatment.  In  contrast,  we  noted  marked 
reduction  in  remote  lung  injury  (total  lung  injury  index  of 
14.5 ±0.89  in  PBS-treated  mice  compared  to  3.43 ±2.48  in 
DAF-treated  animals.  Fig.  10B,  p  =  0.01,  Mann-Whitney 
test).  Pneumonitis  and  perivascular  infiltrate  scores  were 
also  much  reduced  in  animals  treated  with  DAF  (2.24±1.59 
versus  8±1. 73  for  pneumonitis,  1.18±0.92  versus  6.52±1.68 
for  perivascular  infiltrate,  p  =  0.01  for  both  pneumonitis  and 
perivascular  infiltrate,  Mann-Whitney  test).  Finally,  lung 
density  calculations  demonstrating  decreased  pneumonitis 
and  perivascular  infiltrate  in  DAF-treated  mice  provided 
further  support  for  attenuated  overall  remote  lung  damage 
(Figs.  IOC  and  D). 

DAF  treatment  does  not  increase  susceptibility  to 
infection 

Because  we  saw  evidence  that  DAF  treatment  limits  C5b-9 
formation  but  permits  C3  deposition  in  both  local  and  remote 
organs  after  IR,  we  asked  whether  DAF  treatment  compro¬ 
mises  resistance  to  infection.  This  question  was  addressed 
using  the  CLP  model  of  polymicrobial  sepsis  in  a  survival  study 
[21].  The  CLP  model  has  long  been  used  to  study  sepsis  as  a 
result  of  controlled  peritoneal  contamination  and  hemato¬ 
genous  dissemination  of  a  significant  bacterial  load  [57,58]. 

Mice  subjected  to  CLP  and  treated  with  DAF  showed  no 
significant  difference  in  survival  when  compared  to  their 
PBS-treated  counterparts  (Fig.  11  A,  p  =  0.48,  log  rank  test, 
n  =  89).  Most  animals  succumbed  to  sepsis  and  death  within 
48  h,  while  a  few  mice  in  each  group  survived  beyond  this 
critical  initial  period.  One  mouse  in  the  DAF  group  and  one  in 
the  PBS  group  even  survived  to  the  chosen  endpoint  of  10 
days  (240  h).  Mice  treated  with  cobra  venom  factor  (CVF), 
which  depletes  animals  of  C3,  did  not  survive  past  48  h,  with 
most  dying  in  the  initial  24  h  postoperative.  Because  this 
protocol  exposes  animals  to  a  significant  initial  bacterial 
load,  possibly  eliminating  subtle  differences  between  groups 
subjected  to  various  modalities  of  complement  inhibition 
with  an  overwhelming  septic  insult,  we  repeated  CLP 
experiments  with  the  addition  of  a  normal  saline  abdominal 
rinse  prior  to  abdominal  closure.  In  this  experiment  (n  =  21), 
survival  curves  separated  in  the  initial  48  h  postoperative 
(Fig.  11B).  No  CVF  animals  in  this  experiment  survived  more 
than  32  h.  Again,  no  significant  difference  was  seen  between 
survival  curves  of  PBS  and  DAF  animals  in  this  smaller  group 
of  animals  (Fig.  11B,  p  =  0.29,  log  test,  n=18). 

Discussion 


Effect  of  DAF  treatment  on  mesenteric  IR  local  and 
remote  injury 

Next,  we  used  mesenteric  IR  to  determine  whether  the 
beneficial  effect  of  soluble  DAF  extended  to  an  additional 
model  of  IR  injury.  The  superior  mesenteric  artery  (SAAA)  was 
clamped  for  30  min  followed  by  2  h  of  reperfusion;  2  pg/ 


We  present  evidence  that  treatment  of  C57BI/6  mice 
exposed  to  hindlimb  skeletal  muscle  or  mesenteric  IR  with 
soluble  human  DAF  results  in  significantly  reduced  remote 
organ  injury  with  mild  effect  on  local  skeletal  muscle  or  local 
intestinal  damage.  Similarly,  treatment  of  B.6MRL//pr  mice 
subjected  to  hindlimb  IR  with  soluble  human  DAF  resulted  in 
significant  attenuation  of  remote  organ  injury. 
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Figure  6  DAF  is  deposited  in  remote  intestine  and  lung  of  DAF-treated  animals  following  hindlimb  IR.  DAF  deposits  are  visible  at  both 
10  min  and  1  h  post-injection.  All  error  bars  represent  standard  deviations.  (A)  Fluorescence  quantification:  area  of  DAF  deposition  in 
intestines  of  animals  following  hindlimb  IR,  10  min  after  injection.  (B)  Fluorescence  quantification:  area  of  DAF  deposition  in  lungs  of 
animals  following  hindlimb  IR,  10  min  after  injection.  (C)  Fluorescence  quantification:  area  of  DAF  deposition  in  intestines  of  animals 
following  hindlimb  IR,  1  h  after  injection.  (D)  Fluorescence  quantification:  area  of  DAF  deposition  in  lungs  of  animals  following 
hindlimb  IR,  1  h  after  injection.  (E)  C3-FITC,  DAF-PE,  and  composite  stained  (C3-FITC,  DAF-PE,  and  DAPI)  representative  lung  sections 
from  PBS-  and  DAF-treated  animals  compared  to  isotype  controls.  C3  staining  (green)  is  present  in  both  PBS  and  DAF  animals  with  DAF 
staining  (red)  only  in  the  DAF-treated  group.  Simultaneous  DAF  and  C3  deposits  (yellow)  are  present  on  the  endothelium  of  vessels  in 
the  lungs  of  DAF-treated  animals. 
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Figure  7  DAF  treatment  does  not  affect  local  muscle  injury  in  autoimmune  phenotype  B6.MRL/ /pr  mice.  (A)  Local  composite  muscle 
injury  scores  in  PBS  treated,  DAF-treated,  and  sham  mice  (n  =  5  separate  experiments).  Error  bars  represent  standard  deviations.  (B) 
C3  and  AAAC  (C5b-9)  staining  by  immunohistochemistry  and  immunofluorescence  in  MRL  mice  treated  with  PBS  or  DAF. 


Both  intestinal  and  hindlimb  models  of  ischemia-reperfu¬ 
sion  have  been  demonstrated  to  involve  the  binding  of 
natural  antibodies  with  diverse  specificities  [12-14,16]  to 
ischemia-conditioned  tissues  followed  by  activation  of 
complement,  resulting  in  further  tissue  damage.  Comple¬ 
ment  activation  leads  to  generation  of  anaphylatoxins  C3a 
and  C5a,  which  are  thought  to  contribute  to  the  develop¬ 
ment  of  remote  organ  injury.  Accordingly,  multiple  comple¬ 
ment  activation  inhibitors  have  been  used  to  limit  both  local 
and  remote  organ  damage.  Cl  inhibitor,  functioning  at  the 


earliest  steps  of  the  classical  and  mannose  binding  lectin 
(MBL)  pathways  while  at  the  same  time  inhibiting  coagula¬ 
tion  factors  XIa  and  Xlla,  kallikrein,  and  plasma  and  tissue- 
type  plasminogen  activators  [59],  has  been  shown  to 
attenuate  complement-induced  IR  injury  in  multiple  animal 
models.  These  models  include  skeletal  muscle  IR  [60,61]  and 
mesenteric  IR  [17]  in  mice,  liver  IR  in  rats,  and  myocardial 
IR  in  rabbits  [62],  cats  [63],  and  pigs  [64].  In  addition, 
soluble  CR1  [2-6],  Crry-lg  [21],  anti-C5  antibodies  [17,18], 
and  C5a  receptor  antagonists  [19,20,65]  have  all  displayed 
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Figure  8  DAF  treatment  reduces  significantly  remote  intestinal  injury  in  B6.MRL//pr  mice.  (A)  Average  intestinal  injury  scores  in  B6. 
MRL/ /pr  mice.  Error  bars  represent  standard  deviations.  (B)  H&E  stained  representative  sections  of  intestine  from  MRL//pr  mice 
administered  2  pg/animal  DAF  or  0.2  ml  PBS  5  min  prior  to  reperfusion  compared  to  sham  animals.  (C)  C3  and  AAAC  deposition  by 
immunohistochemical  and  immunofluorescent  staining  in  the  intestines  of  DAF-treated  and  PBS  vehicle-treated  mice. 


therapeutic  effect  on  IR  injury.  Inflammatory  inhibitors 
such  as  carboxypeptidase  R  have  proven  beneficial  as  well 
in  limiting  severity  of  anaphylatoxin-mediated  damage 
[66].  However,  all  of  these  agents  demonstrate  potential 
to  impair  innate  resistance  to  infection  by  systemically 


inhibiting  complement  and  weakening  host  defense.  Those 
agents  targeting  early  events  in  complement  activation, 
including  C1  inhibitor  and  sCR1,  threaten  to  increase 
susceptibility  to  infection  by  the  same  means  successfully 
employed  to  attenuate  IR  injury-a  potent  anti-inflammatory 
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Figure  9  Effect  of  DAF  treatment  on  remote  lung  injury  in  B6.MRL//pr  mice.  (A)  Average  total  lung  histological  injury  scores  for 
each  treatment  group  of  MRL  mice.  Error  bars  represent  standard  deviations.  (B)  Representative  H&E  lung  sections  from  DAF-treated, 
PBS-treated,  and  sham  animals.  (C)  Immunohistochemical  and  immunofluorescent  detection  of  C3  and  AAAC  (C5b-9)  deposition  in  lungs 
of  DAF-  and  PBS-treated  mice. 


effect.  The  ability  to  mount  an  immune  response  should  be 
preserved  by  targeting  the  complement  amplification  loop 
rather  than  initial  activation  of  all  complement. 

DAF  is  a  GPI-anchored  complement  regulatory  protein 
inhibiting  formation  of  C3  and  C5  convertases  on  host  cell 


membranes  and  rapidly  dissociating  any  assembled  C3/C5 
convertase  on  cell  surfaces,  thereby  limiting  progression  of 
the  C3b/C5b-initiated  terminal  complement  cascade 
[22,28,67].  Clinical  use  of  DAF  to  limit  complement  activa¬ 
tion-mediated  tissue  damage  was  first  attempted  in 
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Figure  10  DAF  attenuates  both  local  intestinal  damage  and  remote  lung  injury  in  the  mesenteric  IR  model.  (A)  Composite  local 
intestinal  injury  scores  of  PBS-treated,  DAF-treated,  and  sham  animals  subjected  to  30  min  of  intestinal  ischemia  and  2  h  of 
reperfusion  (n=14,  3  separate  experiments).  Error  bars  represent  standard  deviations.  (B)  Average  total  lung  injury  index  of  PBS- 
treated,  DAF-treated,  and  sham  animals.  Error  bars  represent  standard  deviations.  (C  and  D)  Lung  density  measurements  of 
pneumonitis  and  perivascular  infiltrate  in  PBS-treated,  DAF-treated,  and  sham  mice  undergoing  mesenteric  IR. 


xenotransplantation  to  prevent  hyperacute  rejection  of 
organs  due  to  preformed  host  natural  antibodies  [38-42]. 
Human  DAF  has  been  studied  clinically  mainly  in  the  context 
of  paroxysmal  nocturnal  hemoglobinuria  (PNH),  a  disease  in 
which  its  absence  along  with  the  absence  of  CD59,  another 
GPI-anchored  complement  regulatory  protein,  leads  to 
increased  susceptibility  of  human  erythrocytes  to  comple¬ 
ment-mediated  destruction  [67-72]. 

DAF  expression  on  the  surface  membrane  limits  comple¬ 
ment  activation;  processes  that  engage  complement,  as 
predicted,  appear  to  be  exacerbated  when  the  DAF  gene  is 
eliminated.  Specifically,  DAF-/-  mice  suffer  more  severe 
renal  IR  [42]  and  nephrotoxic  serum-induced  nephritis  [35]. 
Absence  of  the  DAF  gene  increases  severity  of  both  organ- 
specific  autoimmune  disease,  such  as  experimental  auto¬ 
immune  encephalomyelitis  [36],  and  systemic  autoimmune 
disease,  such  as  the  skin  disease  that  develops  in  the  MRL//pr 
mouse  [73].  A  recent  report  that  T  cells  lacking  DAF  display 
enhanced  T  cell  responses  [37]  may  explain  why  the  above 
autoimmune  processes,  both  known  to  be  T-cell-dependent, 
manifest  exacerbated  damage  in  the  absence  of  DAF. 

The  C3  and  C5  convertases  on  which  DAF  exercises  its 
regulatory  influence  have  been  termed  the  “amplifying 
enzymes”  of  the  complement  cascade  [33].  By  targeting  the 
amplification  loop  of  the  systemic  inflammatory  response, 
DAF  significantly  reduces  remote  organ  damage  from  IR. 
Previous  published  work  has  shown  that  once  incorporated 
into  the  membrane,  DAF  functions  mainly  to  prevent 


convertase  assembly  rather  than  to  dissociate  already 
assembled  convertases,  and  that  it  can  function  only 
intrinsically  [33].  Our  results  reveal  that  DAF  is  significantly 
deposited  in  remote  organs  (lung,  intestine)  by  10  min  post¬ 
injection,  and  that  DAF  continues  to  be  present  in  the  tissues 
for  at  least  1  h  post-injection.  In  this  way,  DAF  incorporated 
into  the  cell  membrane  of  remote  tissues  precludes  assembly 
of  C3  and  C5  convertases,  limiting  the  amount  of  anaphyla- 
toxins  C3a  and  C5a  produced  following  enzymatic  cleavage. 
C3  deposition  occurs  in  both  DAF-  and  PBS-treated  animals, 
with  subsequent  complement  activation  and  damage  at  the 
local  injury  site  that  is  not  notably  affected  by  DAF 
treatment.  Action  of  DAF  at  the  amplification  loop  of  the 
cascade  inhibits  remote  damage  preferentially  over  local 
injury.  This  may  occur  by  multiple  mechanisms-membrane 
incorporation  of  DAF  and  limitation  of  convertase  formation, 
reduced  anaphylatoxin  release,  suppression  of  Tcell  effector 
response,  and  decreased  neutrophil  migration  and  cytokine 
release  downstream.  The  failure  of  DAF  to  attenuate  local 
injury  significantly  in  our  results  stands  in  contrast  to  those 
agents  acting  early  in  the  complement  cascade,  such  as  Cl 
inhibitor  and  sCRI,  which  protect  against  local  IR  injury  as 
well  as  remote  damage,  at  the  likely  expense  of  preservation 
of  immune  resistance. 

The  dose  of  2  pg  DAF  used  in  these  experiments  was 
confirmed  to  be  the  minimum  effective  dose  using  dose 
titration  experiments  in  the  hindlimb  model.  Though  sig¬ 
nificantly  less  than  the  75  pg  dose  necessary  to  inhibit  the 
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Figure  1 1  DAF-treated  animals  demonstrate  comparable 
susceptibility  to  infection  compared  to  PBS  controls.  (A) 
Kaplan-Meier  survival  curves  in  mice  subjected  to  cecal  ligation 
and  puncture  in  the  CLP  model  of  polymicrobial  sepsis 
(n  =  89  animals,  6  separate  experiments).  (B)  Kaplan-Meier 
survival  curves  in  the  first  60  h  postoperative  when  the  abdomen 
is  rinsed  with  normal  saline  after  cecal  ligation  and  puncture  and 
prior  to  abdominal  closure  (n  =  21  animals,  1  experiment). 


colocalized  with  C3  in  remote  organ  membranes  at  10  min 
and  2  h  after  injection  in  DAF-treated  animals  exposed  to 
hindlimb  IR  (Fig.  6).  Local  DAF  inhibitory  activity  on  remote 
organ  membranes  is  critical  despite  DAF’s  short  serum  half 
life,  and  the  lack  of  sustained  systemic  complement 
inhibition  at  the  2  pg  dose  of  DAF  preserves  immune 
resistance  to  infection  as  shown  in  the  CLP  sepsis  model 
(Fig.  1 1 ).  By  exerting  its  intrinsic  inhibitory  effect,  deposited 
DAF  preferentially  binds  catalytically  active  convertases  [77] 
in  addition  to  limiting  local  convertase  assembly  [33].  DAF  is 
more  stable  and  active  on  membrane-associated  comple¬ 
ment  complexes  [76,77];  once  incorporated,  it  appears  to 
function  to  prevent  that  amplification  of  the  complement 
cascade  which  results  in  systemic  IR  damage. 

The  data  presented  herein  establish  the  clinical  value  of 
soluble  DAF  in  preventing  remote  organ  injury  from  IR.  Soluble 
DAF  limited  remote  organ  injury  in  two  distinct  models  of  IR, 
hindlimb  skeletal  muscle  and  mesenteric  IR,  in  two  mouse 
species,  normal  C57BI/6  mice  and  autoimmune  B6.MRL//pr 
mice.  This  preclinical  information  suggests  strongly  that 
human  soluble  DAF  can  be  used  in  surgical  and  medical 
conditions  known  to  be  associated  with  complement- 
mediated  remote  lung  and  intestinal  injury  following  ische¬ 
mia,  hemorrhage,  resuscitation  and  organ  transplantation. 
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reverse  passive  Arthus  reaction  (RPAR)  in  rats,  this  difference 
in  the  effective  dose  can  be  attributed  to  already  recognized 
variation  in  dose  ranges  among  species  [74],  and  to  the  fact 
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complement  of  humans  and  rats  [75],  its  effect  on  C3  and 
C5  convertases  is  potent  enough  to  strikingly  reduce  remote 
IR  damage  while  preserving  immune  resistance. 

Since  deposited  DAF  acts  intrinsically  [33]  to  prevent 
convertase  assembly  and  to  dissociate  already  formed 
complexes  on  the  membrane  in  which  it  is  incorporated 
[76],  it  is  not  surprising  that  DAF  exerts  minimal  systemic 
effect  on  hemolysis  in  the  CH50  assay  10  min  after  injection 
(data  not  shown).  Our  staining  reveals  deposited  DAF 
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Background.  C-reactive  protein  (CRP)  is  an  acute 
pro-inflammatory  mediator  that  has  been  demon¬ 
strated  to  enhance  ischemia/reperfusion  (IR)  injury 
by  virtue  of  activating  the  complement  system.  CRP 
is  able  to  interact  with  complement  proteins  such  as 
Clq,  complement  factor  H,  and  C4b-binding  protein. 
Since  complement  activation  is  central  in  the  expres¬ 
sion  of  tissue  injury  following  IR,  we  have  investigated 
the  effects  of  human  decay-accelerating  factor  (DAF), 
a  complement  inhibitor,  on  CRP-potentiated  comple¬ 
ment  activation  and  tissue  injury  in  mice  subjected  to 
mesenteric  IR. 

Materials  and  Methods.  Male  C57B1/6  mice  were  al¬ 
located  into  eight  groups:  (1)  Sham-operated  group 
without  IR  injury;  (2)  CRP  -h  Sham  group;  (3)  IR  group; 
(4)  CRP -FIR  group;  (5)  DAF  group;  (6)  CRP -h  DAF 
group;  (7)  IR-hDAF  group,  and  (8)  CRP -h  IR -h  DAF 
group.  Intestinal  and  lung  injury,  neutrophil  infiltra¬ 
tion,  myeloperoxidase  (MPO)  expression,  complement 
component  deposition,  and  interleukin-6  (IL-6)  pro¬ 
duction  were  assessed  for  each  treatment  group  of 
mice. 

Results.  We  report  that  administration  of  DAF  sig¬ 
nificantly  attenuates  the  CRP-enhanced  intestinal  in¬ 
jury  as  well  as  remote  lung  damages  following  acute 
mesenteric  IR  in  mice,  while  DAF  inhibits  complement 
activation,  suppresses  neutrophil  infiltration,  and  re¬ 
duces  IL-6  production. 

Conclusions.  Our  study  suggests  that  inhibition 
complement  activation  with  DAF  may  prove  useful 
for  the  treatment  of  post-ischemic  inflammatory  in- 
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INTRODUCTION 

Ischemia/reperfusion  (IR)  represents  a  model  of  tis¬ 
sue  injury  in  which  circulation  is  reinstalled  in  an  organ 
transiently  deprived  of  blood  flow.  The  ischemic  insult 
alters  the  affected  tissue  making  it  susceptible  to  in¬ 
flammatory  damage  during  reperfusion.  Furthermore, 
mediators  produced  in  the  ischemic  areas  diffuse 
when  circulation  is  restored  causing  inflammation  in 
remote  organs  not  exposed  to  ischemia  [1].  Several 
molecular  and  cellular  mechanisms  have  been  impli¬ 
cated  in  IR.  These  include  mainly  elements  of  the 
innate  immune  response,  such  as  reactive  oxygen  spe¬ 
cies,  cytokines,  and  chemokines,  complement,  natural 
antibodies,  and  neutrophils  [1].  More  recently,  ele¬ 
ments  of  the  adaptive  immune  response  have  been 
shown  to  play  significant  roles.  Specifically,  T  [2]  and 
B  cells  [3]  have  been  shown  to  be  directly  involved  in 
the  expression  of  tissue  injury  and  depletion  of  either 
T  or  B  cells  prior  to  mesenteric  IR  limit  both  local  and 
remote  tissue  injury.  Complement  (C)  activation  and 
neutrophil  stimulation  represent  two  major  pathoge¬ 
netic  processes  of  IR-induced  organ  dysfunction,  and  lo¬ 
cal  and  remote  tissue  injury  [4,  5].  Suppression  of  the 
C  activities  either  by  C  inhibitors  or  in  C-deficient  ani¬ 
mals  has  been  demonstrated  to  attenuate  tissue  injury 
in  various  IR  animal  models.  Studies  which  have  dem¬ 
onstrated  that  C  inhibition  reduces  IR  tissue  injury  in 
various  organs,  including  myocardium  [6],  lung  [7], 
liver  [8],  intestine  [9],  kidney  [10],  and  skeletal  muscle 
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[9],  clearly  identify  the  C  system  as  a  promising  thera¬ 
peutic  target. 

C-reactive  protein  (CRP),  an  acute  phase  reactant, 
which  can  increase  in  the  blood  plasma  up  to  1000-fold 
following  inflammation,  infection,  or  tissue  injury  in  pa¬ 
tients  and  animals,  is  part  of  the  innate  system  as  well 
as  the  C  [11].  Unlike  humans,  CRP  is  not  an  acute-phase 
protein  in  mice  [12,  13].  Accordingly,  administration  of 
human  CRP  to  mice  is  a  good  model  to  study  its  func¬ 
tions.  Mesenteric  IR  in  rats  induced  endogenous  CRP 
expression,  and  its  deposition  correlated  with  the  depo¬ 
sition  of  C3,  suggesting  a  role  for  CRP  in  the  C  activation 
[14].  We  have  reported  that  exogenous  human  CRP 
augments  intestinal  injury  in  a  C-dependent  manner 
in  murine  model  of  mesenteric  IR  [15].  These  results 
suggest  that  CRP  augmented  IR-induced  gut  injury  is 
strongly  associated  with  C  activation,  and  therefore 
implicate  that  C  regulatory  proteins  or  inhibitors  would 
reduce  tissue  injury  enhanced  by  CRP. 

Decay-accelerating  factor  (DAF),  a  ubiquitously  ex¬ 
pressed  intrinsic  C-regulatory  protein,  is  a  glycosyl- 
phosphatidylinositol  (GPI)-anchored  membrane 
associated  C  regulatory  protein,  and  is  known  to  protect 
host  tissue  from  autologous  C  activation.  DAF  contains 
four  short  consensus  repeats  (SCR)  for  binding  CD97 
and  C3,  C5  convertases  and  a  heavily  0-glycosylated  re¬ 
gion  rich  in  serine  and  threonine.  DAF  inhibits  C  acti¬ 
vation  at  the  C3  and  C5  convertase  levels  after 
binding  to  the  convertases  through  its  SCR2,  SCR3, 
and  SCR4  in  both  of  classic  and  alternative  C  pathways, 
thereby  limiting  local  C3a/C5a  and  subsequent  block¬ 
ing  C5b-9  (MAC)  production  [16,  17]. 

We  have  shown  that  soluble  human  DAF  attenuates  lo¬ 
cal  intestinal  and  remote  lung  injury  in  mice  subjected  to 
mesenteric  IR  [18].  Since  human  and  rodent  DAFs  are  not 
species  restricted  in  their  complement-inhibiting  activity 
[19],  we  hypothesized  that  IR  animals  treated  with  human 
DAF  would  down-regulate  human  CRP-amplifled  C  activ¬ 
ity  and  effectively  ameliorate  tissue  injury  induced  by 
mesenteric  IR.  We  report  in  this  study  that  CRP  potenti¬ 
ates  IR-triggered  intestinal  injury  as  well  as  remote  lung 
damage,  whereas  the  treatment  with  human  DAF  re¬ 
markably  attenuates  the  CRP-induced  injury  via  inhibi¬ 
tion  of  complement  activation  and  C34;okine  release.  Our 
work  supports  the  concept  of  utilizing  C  inhibitor  as  a  ther¬ 
apeutic  approach  for  IR  related  injury. 

MATERIALS  AND  METHODS 
Mouse  Mesenteric  IR  Model 

Research  was  conducted  in  compliance  with  the  Animal  Welfare  Act 
and  other  Federal  statutes  and  regulations  relating  to  animals  and 
experiments  involving  animals,  and  adhered  to  principles  stated  in 
the  Guide  for  the  Care  and  Use  Laboratory  Animals.  All  procedures 
were  reviewed  and  approved  by  the  Institute’s  Animal  Care  and 


Use  Committee,  and  performed  in  a  facility  accredited  by  the  Associ¬ 
ation  for  Assessment  and  Accreditation  of  Laboratory  Animal  Care, 
International.  Male  C57B1/6  mice,  aged  8  to  12  wk  (Jackson  Labora¬ 
tory,  Bar  Harbor,  ME)  underwent  at  least  7-d  acclimatization  prior 
to  experimentation. 

Purified,  sodium  azide-free  human  CRP  was  obtained  from  US  Bi¬ 
ological  (Swampscott,  MA)  and  diluted  to  working  concentrations  in 
Tris-buffered  saline  (TBS,  10  mM  Tris,  15  mM  NaCl,  2  mM  CaCh). 
To  confirm  purity,  1  and  5  ^g  of  CRP  were  loaded  on  SDS-PAGE  gel 
followed  by  using  Silver  and  Coomassie  Blue  staining,  which  revealed 
a  single  24  kD  band.  Endotoxin  was  not  detectable  (<0.03  EU/mL)  in 
aliquots  of  CRP  solution  (1  mg/mL)  as  measured  with  Limulus  Ame- 
bocyte  Lysate  Test  Kit  (Cambrex,  East  Rutherford,  NJ). 

Mice  were  assigned  to  the  following  experimental  groups:  (1)  Sham 
(control,  TBS  injection,  without  mesenteric  IR);  (2)  CRP+Sham;  (3) 
IR;  (4)  CRP+IR;  (5)  DAF;  (6)  CRP+DAF;  (7)  IR+DAF,  and  (8) 
CRP+IR+DAF  (n  =  5-8  mice/group).  Briefiy,  a  midline  laparotomy 
was  performed  followed  by  a  30-min  equilibration  period.  The  supe¬ 
rior  mesenteric  artery  was  isolated  and  a  small  nontraumatic  vascu¬ 
lar  clamp  (Roboz  Surgical  Instruments,  Gaithersburg,  MD)  was 
applied  for  30  min.  After  this  ischemic  phase  the  clamp  was  removed, 
the  laparotomy  incisions  were  sutured  and  the  intestine  was  reper- 
fused  for  2  h.  Two  hours  prior  to  surgery,  animals  were  injected  i.p. 
with  0.25  mg/animal  of  purified  human  CRP  or  an  equivalent  volume 
of  sterile  TBS.  Mice  were  anesthetized  with  ketamine  (16  mg/kg)  and 
xylazine  (8  mg/kg)  injected  by  i.p.  All  procedures  were  performed  with 
the  animal  breathing  spontaneously  and  maintained  on  37  °C  water- 
circulating  heating  pad.  Animals  were  subjected  to  mesenteric  I/R  as 
previously  described  [20].  For  DAF  treatment,  5  min  prior  to  reperfu- 
sion,  mice  were  injected  with  either  2  ing  per  animal  DAF  (rhCD55/ 
DAF;  R  and  D  Systems,  Minneapolis,  MN)  or  0.2  mL  sterile  saline 
via  tail  vein  injection.  Mice  were  under  anesthesia  during  the  exper¬ 
iment  and  before  euthanasia. 

Serum  and  Tissue  Collection  and  Preparation 

Blood  samples  were  collected  by  cardiac  puncture  at  the  time  of  eu¬ 
thanasia.  Serum  was  separated  immediately  and  stored  at  -80  °C  for 
later  analysis.  After  euthanasia  the  small  intestine  and  lung  specimens 
were  removed,  and  each  organ  collected  was  immediately  divided  into 
three  fractions,  one  was  stored  at  -80  °C,  the  others  were  separately 
fixed  in  10%  buffered  formalin  phosphate  and  4%  paraformaldehyde. 

The  4%  paraformaldehyde-fixed  tissues  were  washed  twice  (5  min 
each)  in  cold  PBS,  then  sunk  into  20%  sucrose  in  PBS  on  a  rocker  in 
4  °C-cold  room  for  2  h.  The  tissues  were  embedded  in  Tissue  Tek  Cry- 
omold  Standard  Vinyl  Specimen  Disposable  mold  with  Tissue  Tek 
O.C.T  compound  (Sakura  Finetek  USA,  Inc.,  Torrance,  CA),  and  fro¬ 
zen  on  dry-ice.  The  frozen  blocks  were  stored  at  -80  °C  until  section 
cut.  Frozen  blocks  were  cut  at  5-)um  sections  using  a  cryostat  and 
mounted  on  poly-L-ly sine-coated  slides. 

Histopathology  and  Immunohistochemistry 

The  10%  formalin-fixed  tissues  were  embedded  in  paraffin,  sec¬ 
tioned  at  5  )um  transversely,  and  stained  with  hematoxylin  and  eosin 
(H  &  E).  For  each  intestinal  section,  at  least  50  villi  were  graded  on 
a  six-tiered  scale  for  mucosal  damage  score  and  the  mean  score  was  re¬ 
corded  as  described  previously  [21].  A  score  of  0  was  assigned  to  a  nor¬ 
mal  villus;  villi  with  tip  distortion  were  scored  as  1;  villi  lacking  goblet 
cells  and  containing  Gugenheim’s  spaces  were  scored  as  2;  villi  with 
patchy  disruption  of  the  epithelial  cells  were  scored  as  3;  villi  with  ex¬ 
posed  but  intact  lamina  propria  and  epithelial  cell  sloughing  were  as¬ 
signed  a  score  of  4;  villi  in  which  the  lamina  propria  was  exuding  were 
scored  as  5;  and  villi  displaying  hemorrhage  or  denuded  villi  were 
scored  as  6.  All  histologic  analysis  was  performed  in  a  blinded  manner. 

Severity  of  lung  injury  was  scored  in  a  method  described  by  Nishina 
et  al.  [22].  Briefiy,  lung  was  scored  by  using  a  5-point  scale  according 
to  combined  assessments  of  alveolar  congestion,  hemorrhage. 
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infiltration  or  aggregation  of  neutrophils  in  airspace  or  vessel  wall, 
and  thickness  of  alveolar  wall/hyaline  membrane  formation:  0  =  nor¬ 
mal,  1  =  minimum  damage,  2  =  mild  damage,  3  =  moderate  damage,  4 
=  severe  damage,  and  5  =  maximum  damage.  Pictures  were  taken  on 
the  Olympus  Leica  microscope  at  400  X  magnification  along  the 
perimeter  of  each  lung  section. 

Frozen  slides  were  dried  at  room  temperature,  then  fixed  in  cold  ac¬ 
etone  for  5-10  min.  After  another  air-dry  for  30  min,  slides  were 
washed  with  PBS  and  blocked  for  30  min  with  2.5%  bovine  serum  albu¬ 
min  solution  in  PBS.  Slides  were  then  incubated  with  various  primary 
antibodies  (goat  anti-mouse  C3  IgG;  MP  Biomedical  LLC,  Solon,  OH; 
rat  anti-mouse  C5a;  BD  Biosciences,  San  Jose,  CA;  rabbit  anti-comple¬ 
ment  C5b-9  polyclonal  Ah;  Calbiochem,  La  Jolla,  CA;  goat  anti-human 
DAF/CD55,  R  and  D  Systems,  Minneapolis,  MN;  rat  anti-mouse  IL-6, 
Beckman  Coulter,  Fullerton,  CA;  rat  anti-mouse  neutrophils;  AbD  Se- 
rotec,  Raleigh  NC;  rabbit  anti-CD32;  Santa  Cruz  Biotechnology,  Santa 
Cruz,  CA)  at  1:100-1:1000  dilution  for  60  min.  Slides  were  incubated 
with  appropriate  secondary  antibodies  for  1  h  (donkey  anti-goat  IgG- 
Alexa  488,  Donkey  anti-rabbit  IgG-Alexa  594,  goat-anti-rat  IgG-Alexa 
594  secondary  antibodies,  Invitrogen,  Carlsbad,  CA).  Finally,  slides 
were  mounted  with  ProLong  Gold  antifade,  counter  stained  with 
DAPI  (4’,6’-diamidino-2-phenylindole;  Invitrogen,  Carlsbad,  CA), 
and  observed  under  a  confocal  laser  scanning  microscope  (Radiance 
2100;  Bio-Rad,  Hercules,  CA).  Recorded  digital  images  were  processed 
using  Image  J  software  (NIH  Bethesda,  MD). 

Western  Blotting 

Extracted  proteins  (20  ~  50  /ag)  from  frozen  intestinal  and  lung  tis¬ 
sue  were  separated  in  SDS-PAGE  and  transferred  onto  a  polyvinyli- 
dene  difiuoride  membrane  (Pierce,  Rockford  IL).  The  membranes 
were  blocked  with  5%  nonfat  dry  milk  in  TBST  buffer  for  1  h,  and 
then  incubated  with  primary  antibodies  (chicken  anti-mouse  C3/C3a; 
AbD  Serotec,  Raleigh  NC;  goat  anti-mouse  C5/C5a;  Quidel,  San  Diego; 
CA;  rabbit  anti-rat  C9;  gift  from  Dr.  B.  Paul  Morgan;  goat  anti-mouse 
MPO;  R  and  D  Systems,  Minneapolis,  MN)  at  1:1000-1:2000  dilution 
for  1  h,  followed  by  incubation  with  appropriate  HRP-conjugated  sec¬ 
ondary  Abs  (goat  anti-chicken  IgY-HRP;  AbD  Serotec,  Raleigh  NC; 
donkey  anti-goat  IgG-HRP,  goat  anti-rabbit  IgG-HRP;  Santa  Cruz  Bio¬ 
technology,  Santa  Cruz,  CA;)  at  1:000-1:3000  dilution  for  1  h.  Specific 
bands  were  visualized  by  an  ECL  method  (Amersham  Biosciences,  Pis- 
cataway ,  NJ)  and  captured  with  Fujifilm  LAS-3000  System  Configured 
for  Chemiluminescence  (Fujifilm  Life  Science,  Edison,  NJ).  The  den¬ 
sity  of  each  band  was  measured  using  QuantityOne  Software  (Bio- 
Rad). 

ELISA 

The  serum  concentrations  of  exogenous  human  CRP  and  endoge¬ 
nous  mouse  interleukin-6  (IL-6)  were  determined  by  an  ultra-sensitive 
human-CRP  specific  enzyme-linked  immunosorbent  assay  (ELISA) 
(Diagnostic  Systems  Laboratories,  Webster  TX)  and  a  mouse  IL-6 
ELISA  kit  (eBioscience,  San  Diego,  CA),  respectively,  according  to 
the  manufacturer’s  protocols. 

Statistical  Analysis 

Data  were  expressed  as  mean  ±  SD  unless  otherwise  stated.  The 
two-tailed  ^-test  or  one-way  ANOVA  with  Tukey’s  post-hoc  test  were 
performed  using  GraphPad  Prism  ver.  4  (GraphPad  Software,  San 
Diego,  CA).  P  value  <  0.05  was  considered  as  significant. 

RESULTS 

DAE  Prevents  Enhanced  Local  Intestinal  IR  Injury  Due  to  CRP 

Our  recent  study  showed  that  CRP  administra¬ 
tion  (250-1000  ^g/mouse)  amplified  the  mesenteric 
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IR-induced  intestinal  damage  [15].  In  this  study,  we 
pretreated  mice  with  human  CRP  (250  ^g/mouse,  i.p.) 
at  2.5  h  prior  to  ischemia.  The  concentrations  of  human 
CRP  in  murine  sera  were  monitored  at  30  min  after  of 
the  occlusion  of  mesenteric  artery,  and  2  h  after  reper¬ 
fusion  using  human  CRP-specific  ELISA  kit.  No  signif¬ 
icant  differences  were  found  in  serum  CRP  levels  in  the 
CRP-sham  (33.55  ±  5.24  pg/mL,  n  =  1)  and  CRP-IR 
(37.79  ±  8.13  pg/mL,  n  =  8)  groups.  Human  CRP  was 
not  detected  in  animals  without  treatment  of  CRP. 

Human  DAF  deposition  in  the  intestinal  and  lung  tis¬ 
sue  was  determined  by  specific  immunostaining  in 
DAF-treated  mice  due  to  its  characteristic  binding  to 
membrane.  We  noticed  a  marked  deposition  of  DAF  in 
the  gut  and  lung  tissue  in  DAF-treated  animals  2  h  af¬ 
ter  injection,  whereas  DAF  was  not  detected  in  the  tis¬ 
sues  of  mice  which  did  not  receive  DAF  (unpublished 
results). 

The  mucosal  damage  induced  by  IR  in  various  t 
groups  was  assessed  histologically  by  H  and  E  staining 
and  microscopic  observation  using  an  established  scale. 
As  demonstrated  in  Fig.  lA  and  B,  IR-induced  intesti¬ 
nal  injury  was  enhanced  in  animals  that  received  hu¬ 
man  CRP.  The  injury  score  was  2.61  ±  0.42  in  the 
CRP+IR  group  compared  with  1.88  ±  0.08  in  the  IR 
group  (P  <  0.001).  Treatment  with  DAF  (2  pg/mouse, 
i.v.,  5  min  prior  to  reperfusion)  not  only  reduced  the 
damage  induced  by  IR  (the  DAF+IR:  1.43  ±  0.13  versus 
the  IR,  P  <  0.05),  but  also  significantly  attenuated  the 
CRP-mediated  enhancement  of  the  IR-induced  injury 
(the  CRP+DAF+IR:  1.50  ±  0.09  versus  the  CRP+IR, 
P  <  0.001).  DAF  did  not  completely  prevent  local  injury 
in  mice  subjected  to  IR  as  gut  damage  scores  in  DAF- 
treated  and  DAF+CRP-treated  IR  mice  were  still 
markedly  higher  than  those  in  relevant  Sham  groups 
(DAF  +  IR  versus  Sham:  1.43  ±  0.13  versus  0.40  ± 
0.08,  P  <  0.001;  DAF+CRP+IR  versus  CRP:  1.50  ± 
0.09  versus  0.51  ±  0.10,  P  <  0.001). 

DAF  Ameliorates  Lung  Tissue  Injury  Following  CRP-Augmented 
Intestinal  IR 

The  mesenteric  IR  model  was  used  for  determining 
whether  the  protective  effect  of  DAF  treatment  can  be  ex¬ 
tended  to  remote  or  systemic  injury  after  local  IR.  The 
lung  is  particularly  susceptible  to  damage  in  the  setting 
of  intestinal  ischemia  [23].  Following  intestinal  IR,  lung 
sections  were  analyzed  to  assess  the  severity  of  histolog¬ 
ical  injury  (Fig.  2A  and  B).  In  animals  exposed  to  mesen¬ 
teric  IR,  H  and  E  staining  revealed  a  great  number  of 
alveolar  septal  and  interstitial  capillaries  that  were  con¬ 
gested  with  erythrocytes,  and  alveolar  walls  were  thick¬ 
ened  with  neutrophil  infiltration  and  edema  compared 
with  the  Sham  group.  The  average  damage  score  in  the 
animals  subjected  to  IR  was  increased  by  6.7-fold  of 


ARTICLE  IN  PRESS 


4 


JOURNAL  OF  SURGICAL  RESEARCH:  VOL.  ■,  NO.  ■  2010 


FIG.  1.  DAE  treatment  mitigates  CRP-amplified  local  intestinal  IR  injury.  (A)  Representative  H  and  E  stained  slides  from  the  small  intes¬ 
tine  of  mice  in  =  5-8)  subjected  to  IR  or  Sham  procedure  and  pretreated  with  TBS,  CRP  (500  ^g/mouse),  DAF  (2  /xg/mouse)  were  visualized  and 
pictures  were  captured  under  a  light  microscope.  Original  magnification:  X200.  (B)  H  and  E-stained  intestinal  sections  from  various  treatment 
groups  were  scored  for  intestinal  mucosal  damage  as  described  in  the  Materials  and  Methods  section.  Group  data  were  compared  using  one-way 
ANOVA  followed  by  the  Tukey’s  multiple  comparison  test  with  P  values  of  P  <  0.05  considered  as  significant.  ANOVA:  P  <  0.0001;  Tukey: 
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that  in  the  Sham  group  (IR  versus  Sham:  2.49  ±  0.73  ver¬ 
sus  0.37  ±  O.lOjP  <  0.001).  CRP-pretreated  animals  sub¬ 
jected  to  mesenteric  IR  displayed  more  serious 
pulmonary  injury  with  alveolar  fibrin  deposition,  hemor¬ 
rhage,  and  widespread  edema,  neutrophil  infiltration,  at¬ 
electasis,  disruption  of  alveoli  than  in  animals  only 
subjected  to  mesenteric  IR.  The  injury  score  was  signifi¬ 
cantly  elevated  in  the  CRP+IR  group  compared  with 
the  IR  group  (4.17  ±  0.55  and  2.49  ±  0.73,  P  <  0.001). 
The  lung  tissue  in  DAF-treated  animals  had  a  reduction 
in  these  morphologic  changes  compared  with  the  mesen¬ 
teric  IR  and  the  CRP+IR  groups.  The  damage  scores 
were  significantly  reduced  in  the  DAF+IR  and 
CRP+DAF+IR  groups  compared  with  the  IR  and 
CRP+IR  groups  (P  <  0.001  andP  <  0.001,  respectively). 
DAF  not  only  had  protective  effects  on  local  intestinal  in¬ 
jury,  but  also  played  an  effective  role  in  protecting 
against  CRP-enhanced  acute  pulmonary  injury  associ¬ 
ated  with  mesenteric  ischemia-reperfusion. 

DAF  Decreases  PMN  Infiltration  in  Injured  Local  and 
Remote  Tissues 

It  has  been  suggested  that  neutrophil  infiltration  me¬ 
diates  local  tissue  damage  in  response  to  mesenteric  IR. 
We  reported  that  human  CRP  induced  marked  myelo¬ 
peroxidase  (MPO)  activity  in  local  damaged  intestinal 
tissue  in  mice  subjected  to  mesenteric  IR  [15].  To  deter¬ 
mine  whether  the  protective  effect  of  DAF  on  CRP- 
augmented  IR  injury  was  associated  with  decreased 
neutrophil  infiltration,  the  neutrophils  in  injured  areas 
were  assessed  using  an  anti-neutrophil  antibody.  Infil¬ 
trated  neutrophils  in  frozen  intestinal  sections  were  not 
detected  in  the  Sham  group  but  were  detected  in  mice 
subjected  to  mesenteric  IR  and  clearly  increased  in 
the  CRP+IR  group.  DAF  injection  prior  to  reperfusion, 
dramatically  down-regulated  the  infiltration  of  neutro¬ 
phils  in  the  CRP+DAF+IR  group  compared  with  those 
in  the  CRP+IR  group  (Figs.  1C  and  2C).  This  finding 
demonstrates  that  human  DAF  has  a  role  in  attenuat¬ 
ing  leukocyte  recruitment  in  local  and  remote  organs 
during  acute  inflammation  following  mesenteric  IR, 
and  that  DAF  reduces  tissue  damage  associated  with 
down-regulation  of  neutrophil  activation. 

DAF  Reduces  MPO  Release  in  Damaged  Tissues  After 
Mesenteric  IR 

Acute  tissue  inflammation  in  this  model  was  also  evi¬ 
dent  from  the  MPO  evaluation  with  western  blotting. 
Consistent  with  increased  neutrophil  infiltration  in  dam¬ 


aged  tissues,  increased  tissue  MPO  release  was  detected 
2  h  after  reperfusion  in  the  IR  animals  compared  with  the 
Sham  group  (Figs.  ID,  E  and  2D,  E).  Animals  subjected  to 
IR  and  pretreated  with  CRP  (given  at  180  min  prior  to  re¬ 
perfusion)  exhibited  significant  increases  in  MPO  deposi¬ 
tion  in  the  intestine  and  lungs.  Administration  of  DAF  5 
min  prior  to  reperfusion  significantly  decreased  MPO  ex¬ 
pression  in  the  CRP+DAF+IR  group  compared  with 
mice  in  the  CRP+IR  group.  However,  CRP,  DAF  alone, 
or  CRP+DAF  did  not  show  obvious  effect  on  MPO  release 
in  intestinal  tissues  compared  with  the  Sham  group. 

DAF  Reduced  Deposition  of  C3  in  Injured  Tissues  from  Mice  in 
the  IR  and  IR+  CRP  Groups 

Mesenteric  IR  results  in  C3  deposition  on  the  villi 
[24].  To  investigate  whether  DAF  reduces  complement 
deposition  in  CRP-enhanced  intestinal  injury,  we  per¬ 
formed  immunohistochemical  staining  for  C3.  Our  find¬ 
ings  revealed  significant  accumulation  of  C3  in  mice 
from  the  IR  and  CRP+IR  groups  while  Sham  animals 
did  not  show  detectable  levels  of  C3  in  tissues.  C3  accu¬ 
mulation  in  intestinal  sections  from  the  CRP+IR  group 
was  significantly  greater  in  comparison  to  animals  sub¬ 
jected  to  IR  alone.  C3  deposition  in  the  villi  was  mark¬ 
edly  reduced  in  DAF-treated  mice  subjected  to 
mesenteric  IR  and  pretreated  with  CRP  (Fig.  3A). 
Thus,  the  treatment  with  human  DAF  inhibited  com¬ 
plement  activation  and  prevented  C3  deposition  in 
CRP-amplified  mesenteric  IR  injury  in  mice. 

Deposition  of  C3  in  the  lungs  of  mice  subjected  to 
mesenteric  IR  and  CRP+IR  was  also  observed.  The  spe¬ 
cific  C3  fluorescent  signal  was  not  as  strong  as  that  in 
local  intestinal  injury.  Treatment  with  DAF  signifi¬ 
cantly  reduced  CRP-enhanced  intensity  of  C3  signal 
in  the  lung  tissue  following  intestinal  IR  (Fig.  4A). 

DAF  Inhibits  Production  of  Activated  C5a  in  CRP-Accelerated 
Tissue  Injury 

C5a  is  an  anaphylatoxin  that  has  been  identified  as 
a  major  complement  factor  responsible  for  induction  of 
the  reperfusion-associated  inflammatory  response.  In 
the  present  study,  C5a  accumulation  was  detected  in  lo¬ 
cal  and  remote  injured  tissues  from  the  IR  groups.  In  ad¬ 
dition,  a  significant  increase  in  C5a  levels  was  detected 
in  the  CRP+IR  treated  animals  compared  with  the  IR 
and  Sham  controls  (Fig.  3B,  C  and  Fig.  4B,  C).  Adminis¬ 
tration  of  DAF  resulted  in  a  significant  reduction  of  C5a 
deposition  in  the  intestine  and  lung  tissues  in  CRP  +  IR 
treated  animals.  These  results  indicate  that  a  low  dose 


*P  <  0.001  versus  Sham;  <  0.001  versus  Sham,  CRP  and  IR;  <  0.05  versus  IR;  ^P  <  0.001  versus  CRP+IR.  (C)  Neutrophil  infiltration  was 
evaluated  by  probing  with  anti-neutrophil  antibody  in  frozen  intestinal  sections  (original  magnification:  X200).  (D)  MPO  was  detected  by 
Western  blot  in  gut  tissues.  (E)  The  bands  of  MPO  were  quantitated  densitometrically  and  normalized  to  /l-actin.  ^P  <  0.001  versus  Sham, 
<0.05  versus  IR;  ^P  <  0.01  versus  CRP+IR  (one-way  ANOVA;  Tukey  post  test;  ^  =  3~5). 
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FIG.  2.  DAF  ameliorates  detrimental  effects  of  CRP  in  the  lung  tissue  following  mesenteric  IR.  (A)  Representative  H  and  E  stained  paraffin 
sections  of  the  lung  tissue  were  subjected  to  the  same  treatments  as  shown  in  Figure  lA  (magnification:  X400).  (B)  Lung  injury  scores  from  each 
group  were  determined  based  on  a  criterion  as  shown  in  the  Materials  and  Methods  section.  Group  data  were  compared  using  one-way  ANOVA 
followed  by  the  Tukey’s  multiple  comparison  test,  with  P  <  0.05  considered  as  significant.  ANOVA:  P  <  0.0001;  Tukey:  <0.001  versus  Sham; 
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FIG.  3.  DAE  attenuates  CRP-augmented  C3  and  C5a  deposition  in  the  IR-injured  gut  tissue.  (A)  Frozen  sections  of  the  small  intestinal 
tissue  were  stained  with  anti-C3  antibody.  The  stained  slides  were  observed  and  images  were  recorded  under  a  confocal  microscope  equipped 
with  a  digital  camera.  Representative  data  from  5  to  8  mice  were  shown.  Original  magnification:  X200.  (B)  C5a  of  intestinal  tissues  was  de¬ 
tected  the  western  blot  using  anti-mouse  C5a  antibody.  (C)  The  bands  of  C5a  were  quantified  densitometrically  and  normalized  to  /J-actin. 

<  0.01  versus  Sham,  P  <  0.05  versus  IR;  ^P  <  0.01  versus  CRP+IR  (one-way  ANOVA;  Tukey  post  test;  ^  =  3  8). 


of  DAF  (2  ^g/mouse)  administration  effectively  attenu¬ 
ated  the  generation  of  C5a  in  damaged  tissues,  whereas 
injury  was  enhanced  by  human  CRP.  There  was  no  clear 
difference  in  the  C5a  deposition  in  the  gut  among  Sham, 
CRP,  DAF,  and  CRP+DAF  groups. 

DAF  Prevents  the  Formation  of  C5b-9  in  Mesenteric  IR  Injury 

Intestinal  ischemia-reperfusion  injury  is  mediated  by 
and  dependent  on  the  membrane  attack  complex  (MAC, 
C5b-9)  [25].  In  our  study,  DAF  treatment  led  to  de¬ 
creased  formation  of  the  terminal  complement  compo¬ 
nent,  a  membrane  attack  complex,  in  CRP-augmented 
both  local  and  remote  injury  as  was  demonstrated  by  im- 
muno-fluorescence  staining  (Fig.  4D  and  Fig.  5A).  MAC 
was  not  detected  in  the  Sham  group  or  CRP-treated 
group  (data  not  shown).  The  MAC  signal  was  stronger 
in  the  CRP+IR  than  IR  group.  CRP  and  MAC  were  co-lo- 
calized  in  luminal  membrane  and  surface  of  damaged 
villi  of  intestine  or  on  alveolar  surface  and  vascular  en¬ 
dothelium  in  damaged  lung  tissue.  The  co-localization  of 
CRP  and  MAC  implicate  the  association  and/or  interac¬ 
tion  of  human  CRP  and  murine  MAC  in  local  mesenteric 
IR  and  remote  lung  injury. 


Western  blot  data  revealed  that  C9,  a  component  of 
MAC  and  usually  considered  as  a  representative  of 
MAC,  was  significantly  decreased  in  local  gut  and  re¬ 
mote  lung  tissues  of  animals  undergoing  mesenteric 
IR  and  pretreated  with  both  CRP  and  DAF  than  in 
the  CRP  +IR  group  (Fig.  4E  and  F  and  Fig.  5B  and 
C).  This  observation  further  confirms  that  DAF  reduces 
the  MAC  formation  in  CRP-enhanced  mesenteric  IR  in¬ 
jury.  No  difference  in  C5b-9  expression  in  the  gut  was 
observed  in  Sham,  CRP,  DAF,  or  CRP+DAF  animals. 

DAF  Suppresses  Production  of  IL-6  in  Injured  Tissues  Following 
Intestinal  IR 

A  report  indicated  that  intestinal  IR  stimulates 
mRNA  expression  of  pro-infiammatory  cytokines  in  lo¬ 
cal  and  remote  organs  in  dogs  [26].  Previously,  we  found 
that  CRP  increases  gene  expression  of  a  number  of  pro- 
infiammatory  cytokines,  such  as  TNF-a,  and  IL- 

6  in  the  intestinal  tissue  after  mesenteric  IR  (30 — 120 
min)  [15].  We  asked  whether  the  treatment  with  CRP 
enhances  expression  and  deposition  of  pro-infiamma¬ 
tory  cytokines  in  injured  tissue  or  results  in  the  sys¬ 
temic  response  in  mice  undergoing  intestinal  IR.  We 


^P  <0.001  versus  Sham,  CRP  and  IR;  ^P  <0.001  versus  IR;  ^P  <0.001  versus  CRP+IR  iri  =  4-6).  (C)  Neutrophil  infiltration  in  the  lung  tissue  was 
determined  using  an  anti-neutrophil  antibody  conjugated  to  fiuorescence  (original  magnification:  X  200).  (D)  MPO  expression  in  lung  tissue  was 
detected  by  the  western  blot.  (E)  The  bands  of  MPO  were  quantitated  densitometrically  and  normalized  to  j^-actin.  <  0.05  versus  Sham;  ^P  < 
0.05  versus  IR;  ^P  <  0.05  versus  CRP+IR  (two-tailed  ^-test;  n  =  3). 


ARTICLE  IN  PRESS 


8  JOURNAL  OF  SURGICAL  RESEARCH:  VOL.  ■,  NO.  ■  2010 


FIG.  4.  DAE  reduces  CRP-exacerbated  C3,  C5a,  and  MAC  deposition  in  the  lung  tissue  following  mesenteric  IR.  (A)  C3  deposition  in  the 
lung  tissue  was  assessed  by  immunofluorescent  staining  and  confocal  microscopy.  Each  image  is  representative  of  three  experiments.  Original 
magnification:  X200.  (B)  Deposition  of  C5a  was  analyzed  by  immunobloting  the  lysates  from  lung  tissue.  (C)  The  bands  were  scanned  and  the 
density  related  to  j^-actin  was  calculated.  *P  <  0.05  versus  Sham;  <  0.05  versus  Sham;  =  0.01  versus  CRP+IR  (two-tailed  ^-test;  n  =  3).  (D) 
MAC  deposition  was  detected  by  immunolabeling  frozen  section  of  lung  tissues  with  anti-MAC  and  anti-CRP  antibodies,  and  representative 
micro-photographs  from  three  mice  were  shown  at  X200  magnification.  (E)  C9  was  analyzed  in  the  lung  tissue  by  the  Western  blot  and 
each  band  was  representative  of  three  experiments.  (F)  The  C9  bands  were  quantitated  densitometrically  and  the  ration  was  calculated  to 
i^-actin.  *P  <  0.001  versus  Sham;  ^P  <  0.001  versus  Sham,  <0.01  versus  IR;  ^P  <  0.05  versus  IR,  <0.001  versus  CRP+IR  (one- way  ANOVA;  Tukey 
post  test,  n  =  3). 
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FIG.  5.  DAF  weakens  CRP-strengthened  deposition  of  C9  in  the  IR-damaged  intestinal  tissue.  (A)  Frozen  sections  from  the  gut  tissues  were 
stained  with  anti-MAC  and  anti-CRP  antibodies,  then  stained  slides  were  visualized  by  confocal  microscopy.  Image  is  representative  of  three 
sections  from  at  least  three  different  mice.  Original  magnification:  X200.  (B)  Gut  tissue  was  lysed  and  immunoblotted  with  anti-C9  and 
anti-j(3-actin  antibodies  to  detected  C9  deposition.  (C),  C9  was  quantified  by  densitometry  and  the  ratio  to  /?-actin  was  calculated  for  each  sample. 
Cumulated  data  from  three  independent  experiments  are  shown.  *  P  <  0.01  versus  Sham;  ^P  <  0.001  versus  Sham  and  IR;  ^P  <  0.001  versus 
CRP+IR;  ^P  <0.05  versus  IR  (one-way  ANOVA;  Tukey  post  test,  ^  =  3  ~  8). 


also  asked  whether  DAF,  as  a  G-coupled  protein,  can  re¬ 
duce  inflammatory  cytokines  during  mesenteric  IR  in 
mice.  We  used  ELISA  to  determine  IL-6  levels  in  mu¬ 
rine  sera.  The  serum  concentration  of  IL-6  was  signifi¬ 
cantly  increased  in  the  IR  group  (125.65  ±  31.45  pg/ 
mL  versus  Sham  31.53  ±  21.83  pg/mL,  P  =  0.0034) 
and  the  CRP+IR  group  (148.98  ±  41.43  pg/mL  versus 
CRP+Sham  71.95  ±  19.78  pg/mL,  P  =  0.0017).  This  in¬ 
dicates  that  IR  injury  triggers  IL-6  expression  and  re¬ 
lease,  leading  to  its  elevated  blood  concentration. 
There  was  no  significant  difference  between  the  CRP 
and  IR  group,  the  CRP  and  Sham  group,  the  CRP+DAF 
and  Sham  group  in  the  serum  IL-6  level.  Administra¬ 
tion  of  DAF  (2  ^g/mouse)  markedly  down-regulated  se¬ 
rum  IL-6  levels  in  the  DAF+IR  group  (DAF+IR  75.97  ± 
29.09  versus  IR  125.65  ±  31.45,  P  <  0.05),  but  DAF  did 
not  significantly  decrease  serum  IL-6  in  the 
CRP+DAF+IR  group  (Fig.  6A). 

Deposition  of  IL-6  in  damaged  tissue  following  mesen¬ 
teric  IR  has  not  been  reported  before.  We  found  that  IL-6 
was  expressed  and  deposited  2  h  after  reperfusion,  not 
only  locally  in  the  intestinal  tissue,  but  also  in  remote 
lung  tissue.  IL-6  was  not  detected  in  these  tissues  of 
the  Sham  group.  As  shown  in  Fig.  6B  and  C,  human 
CRP  enhanced  IL-6  deposition  and  co-localized  with 


murine  IL-6  in  the  intestinal  and  lung  tissues  in  the 
CRP+IR  group.  The  treatment  with  DAF  remarkably 
reduced  deposition  of  IL-6  in  the  intestinal  and  lung 
tissues  in  the  CRP+DAF+IR  group.  Therefore,  these 
data  indicate  that  IL-6  is  induced  in  the  early  phase  of 
mesenteric  IR  and  might  have  participated  in  the  IR-ini- 
tiated  acute  inflammatory  reaction.  DAF,  a  complement 
inhibitor,  plays  a  protective  role  against  CRP-aug- 
mented  mesenteric  IR  injury,  at  least  partially,  by  the 
inhibition  of  local  and  systemic  IL-6  activity. 


DISCUSSION 

In  this  study,  we  have  demonstrated  that  DAF 
clearly  reduces  CRP-enhanced  intestinal  and  lung  in¬ 
jury  following  acute  mesenteric  IR  in  mice.  In  particu¬ 
lar,  a  direct  or  an  indirect  effect  of  DAF  on  inhibition 
of  the  complement  activation,  suppression  of  the  neu¬ 
trophil  infiltration,  and  reduction  of  the  IL-6  production 
plays  a  key  role  in  its  protective  actions  on  CRP- 
enhanced  murine  tissue  injury  of  mesenteric  IR.  This 
is  the  first  report  of  beneficial  effects  of  DAF  on  CRP- 
potentiated  local  and  systemic  injury. 
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FIG.  6.  DAE  decreases  production  of  IL-6  locally  and  systemically  after  mesenteric  IR.  (A)  Serum  IL-6  concentration  was  determined  by 
ELISA.  Red  bar  indicates  a  significant  difference  versus  Sham,  P  <  0.05;  green  bar  displays  significant  difference  versus  Sham,  P  <  0.001,  ver¬ 
sus  CRP,  P  <  0.01,  versus  CRP+DAF,  P  <  0.05;  blue  bar  indicates  significant  difference  versus  IR,  CRP+IR,  P  <  0.05  (one-way  ANOVA;  Tukey 
post  test).  (B)  Expression  of  IL-6  in  the  intestinal  tissue  was  measured  by  immunostaining  with  anti-IL-6  antibody.  Presented  data  is  from  a  rep¬ 
resentative  experiment  of  three  separate  studies.  Original  magnification:  X200.  (C)  Production  of  IL-6  in  lung  tissue  after  intestinal  IR  was 
determined  by  immunofiuorescent  labeling  using  anti-IL-6  antibody.  Each  image  is  representative  of  three  separate  experiments.  Original 
magnification:  X600. 
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FIG.  6.  {continued). 


CRP  is  known  to  initiate  the  complement  classic 
pathway  [27]  and  it  is  the  key  molecule  that  boosts 
the  immune  response  [28].  Complement  activation 
has  a  critical  role  in  the  pathologic  alterations  following 
mesenteric  IR  in  animals  [4].  Further,  the  endogenous 
and  exogenous  CRP  takes  part  in  the  pathogenesis 
and  potentiates  intestinal  IR  injury  [14,  15].  We  have 
shown  that  CRP  enhanced  mesenteric  IR  in  a  comple¬ 
ment-dependent  manner.  This  synergistic  effect  of 
CRP  on  tissue  damage  can  be  prevented  by  the 
complement  depletion  with  cobra  venom  factor  [15]. 
Studies  reported  that  the  inhibition  of  complement  ac¬ 
tivation  using  membrane  complement  regulatory  pro¬ 
teins,  including  endogenous  [17]  and  exogenous  DAF 
[18],  provided  us  with  an  important  insight  into 
protection  against  the  potentiating  effect  of  CRP  on 
IR  injury. 

We  selected  the  therapeutic  dose  of  DAF  as  2  fig  per 
mouse  in  this  study  as  per  our  previous  report  [18].  In 


this  study,  human  DAF  concentration  in  murine  serum 
was  not  monitored  since  it  has  been  reported  that  hu¬ 
man  DAF  has  a  very  short  half-life  in  the  circulation, 
and  that  the  majority  of  DAF  rapidly  binds  to  and  de¬ 
posits  on  the  cell  membranes  in  local  and  remote  tissues 
10  min  after  administration  [18].  Immunofluorescent 
staining  showed  that  DAF  deposition  still  remained 
bound  to  the  epithelial  and  endothelial  surface  in  the 
intestinal  and  to  the  endothelial  surface  in  the  lung  tis¬ 
sue  2  h  after  injection  in  all  treated  mice  (unpublished 
results).  DAF  is  more  stable  and  active  on  membrane- 
associated  complement  complexes  [29,  30].  Once  bound 
and  incorporated,  it  seems  to  inhibit  activation  and  am¬ 
plification  of  complement  cascade,  which  leads  to  local 
and  systemic  damage.  The  Western  blot  indicated 
that  administration  with  as  low  as  2  fig  of  DAF  effec¬ 
tively  reduced  C5a  formation  in  local  intestinal  and  re¬ 
mote  lung  tissue  following  mesenteric  IR  in  mice 
pretreated  with  CRP.  DAF  significantly  attenuated 
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CRP-augmented  morphologic  injury  and  neutrophil  in¬ 
filtration  in  both  intestinal  and  lung  tissues.  This  was 
consistent  with  an  observed  decrease  of  C5a  and  C5b- 
9  deposition  in  the  tissues. 

Mesenteric  IR  causes  local  and  systemic  inflamma¬ 
tory  derangements,  including  release  of  pro-inflamma¬ 
tory  cytokines,  and  is  associated  with  complement 
activation.  Reports  indicate  the  intestine  is  a  source  of 
cytokine  production  following  intestinal  IR  injury  [31, 
32].  In  the  present  study,  IL-6  release  was  found  not 
only  in  local  intestinal  tissue,  but  also  in  remote  lung 
tissue.  The  secretion  of  IL-6  from  damaged  intestinal 
and  lung  tissue  may  contribute  to  the  increase  of  the 
systemic  level  of  IL-6  in  mice  subjected  to  mesenteric 
IR.  We  did  not  evaluate  the  IL-6  production  in  other  tis¬ 
sues  and,  therefore,  we  do  not  know  the  possible  contri¬ 
bution  of  IL-6  release  from  these  tissues. 

The  exact  mechanism  involved  in  CRP-induced  IL-6 
secretion  remains  unclear.  Generation  of  IL-6  appeared 
to  require  the  involvement  of  Fey  receptors,  such  as 
CD16  and  CD32,  on  inflammatory  cells  [33].  CRP  has 
been  shown  to  bind  to  Fey  receptors  and  subsequently 
lead  to  activation  of  PI3  K/Akt,  ERK,  and  NF-  kB  path¬ 
ways  [33].  Activation  of  these  signal  pathways  have 
been  known  to  up-regulate  cytokine  production  [33]. 
In  this  study,  the  pretreatment  of  animals  with  human 
CRP  prior  to  ischemia  obviously  enhances  the  IL-6  re¬ 
lease  in  both  intestinal  and  lung  tissues.  This  effect  of 
CRP  on  IL-6  release  could  be  explained  by  CRP  binding 
to  its  ligands  on  the  surface  of  activated  macrophages 
and  neutrophils  in  injured  tissues.  Indeed,  human 
CRP  co-localization  with  murine  CD32  rather  than 
CD  16  was  observed  on  the  surface  of  inflammatory  cells 
in  IR-damaged  tissues  (unpublished  results).  It  implies 
that  human  CRP  may  interact  with  murine  CRP  ligand 
undergoing  IR  in  vivo,  which  initiates  or  enhances  acti¬ 
vation  of  PI3  K/Akt,  ERK,  and  NF-  kB  pathways, 
thereby  potentiating  IL-6  production  in  mesenteric  IR 
injury. 

The  fact  that  DAF  can  effectively  reduce  the  CRP- 
enhanced  IL-6  release  from  injured  tissues  is  the  most 
important  flnding  in  this  study.  DAF  inhibits  C3  and 
C5  convertases  in  both  the  classic  and  the  alternative 
complement  pathways  and,  thus,  suppresses  the  gener¬ 
ation  of  C3a  and  C5a.  These  anaphylatoxins,  especially 
C5a,  can  induce  synthesis  and  release  of  pro-inflamma¬ 
tory  cytokines  by  leukocytes  [34].  DAF-deflcient  mice 
are  more  susceptible  to  complement-mediated  inflam¬ 
matory  injury  [17,  35],  and  produce  extraordinary 
serum  levels  of  IL-6  upon  stimulation  with  lipopolysac- 
charide  compared  with  wild-type  animals  [35].  Our 
data  showed  that  C5a  was  signiflcantly  decreased  in 
damaged  gut  and  lung  tissues  in  mice  pretreated  with 
CRP  and  then  treated  with  DAF  prior  to  intestinal 
reperfusion  than  in  control,  which  are  mice  with  mesen¬ 


teric  IR  only  pretreated  with  CRP.  Thus,  the  attenua¬ 
tion  of  IL-6  expression  by  DAF  in  damaged  tissues 
could  be,  at  least  partly,  attributed  to  the  inhibition  of 
an  anaphylatoxin,  C5a. 

One  of  the  serious  consequences  of  mesenteric  IR  is 
multiple  organ  failure,  which  is  also  referred  to  as  sec¬ 
ondary  organ  injury  [36].  Complement  activation  leads 
to  the  generation  of  anaphylatoxin  C3a  and  C5a,  which 
contribute  to  the  development  of  remote  organ  injury 
[18,  37].  Other  studies  reported  that  intestinal  IR- 
induced  pro-inflammatory  cytokines  and  chemokines 
exert  their  effects  via  a  direct  toxic  action  on  target  cells 
in  distant  organs  [38,  39].  Complement  activation  re¬ 
sults  in  the  release  of  chemoattractants  C3a  and  C5a, 
which  can  be  released  directly  or  indirectly  through 
the  activation  of  endothelial  cells  expressing  other  var¬ 
ious  chemokines  and  adhesion  molecules  and  subse¬ 
quently  activate  neutrophils  [35,  40]. 

A  previous  study  suggested  that  the  membrane  attack 
complex  (C5b-9)  also  solely  mediated  neutrophil  in¬ 
filtration  following  mesenteric  IR  injury  in  mice  [18]. 
The  influx  of  neutrophils  into  IR  tissue  can  cause  de¬ 
granulation  and  superoxide  production,  which  damages 
tissue  and  subsequently  amplifies  the  neutrophil  re¬ 
sponse.  The  accurate  mechanisms  regulating  remote 
lung  injury  are  not  fully  explained  but  probably  involve 
complement  activation,  cytokine/chemokine  generation, 
leukocyte  infiltration,  and  release  of  reactive  oxygen 
species  (ROS)  and  proteases  into  remote  tissue.  In  this 
study,  DAF  inhibited  C5a  formation,  IL-6  expression,  ac¬ 
cumulation  of  neutrophils,  and  release  of  MPO  in  both 
intestinal  and  lung  tissue  in  mice  with  CRP-enhanced 
mesenteric  IR  injury.  By  inhibition  of  C5a  production 
and  MAC  formation,  DAF  blocks  the  downstream  signal¬ 
ing  of  C5a/C5a  receptor  (C5aR)  and  MAC.  This  infers 
that  complement-mediated  inflammation  can  be  modu¬ 
lated  at  C5a/C5aR  level,  resulting  in  prevention  of  local 
and  remote  organ  injury.  Our  study  suggests  that  DAF 
may  be  useful  for  the  treatment  of  acute  intestinal  injury 
associated  with  bowel  obstruction,  necrotic  enterocolitis, 
repair  of  abdominal  aortic  aneurysms,  and  acute  mesen¬ 
teric  ischemia. 
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Complement  activation  has  been  demonstrated  to 
contribute  significantly  to  the  expression  of  IR-in- 
duced  tissue  damage.  Each  of  the  three  complement 
pathways,  classic,  alternative,  and  lectin,  has  been 
implicated  in  the  instigation  of  tissue  pathology.  In 
this  study,  we  used  a  selective  inhibitor  of  the  alter¬ 
native  pathway,  that  is,  a  soluble  form  of  comple¬ 
ment  receptor  of  the  immunoglobulin  superfamily 
(CRIg-Fc)  to  determine  whether  it  can  prevent  IR 
tissue  injury.  We  demonstrate  that  treatment  of 
C57B1/6  mice  prior  to  mesenteric  IR  prevents  local  (in¬ 
testinal)  and  remote  (lung)  injury  by  limiting 
deposition  of  complement  and  entry  of  polymorphonu¬ 
clear  cells  to  the  sites  of  injury.  Our  results  show  that 
CRIg-Fc  represents  a  candidate  to  limit  IR  injury  as  it 
occurs  in  various  clinical  conditions.  ©  2009  Elsevier  inc.  aii 

rights  reserved. 

Key  Words:  ischemia/reperfusion  injury;  CRIg-Fc; 
complement;  alternative  pathway. 


INTRODUCTION 

Transient  loss  of  blood  flow  followed  by  reperfusion, 
known  as  ischemia/reperfusion  (IR)  causes  an  intense  lo¬ 
cal  and  systemic  inflammatory  response.  IR  injury  is  fre¬ 
quently  encountered  in  a  number  of  common  clinical 
settings,  including  surgery,  transplantation,  and  shock 
[1].  The  ischemic  insult  induces  local  cellular  changes 
that  cause  the  tissue  to  become  susceptible  to  immune- 
mediated  damage.  When  blood  flow  is  restored,  mole¬ 
cules  expressed  by  the  hypoxic  tissue  activate  elements 
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of  the  innate  and  adaptive  immune  response  instigating 
inflammation.  Complement  activation  is  an  essential 
step  in  the  initiation  and  ampliflcation  of  the  inflamma¬ 
tory  response  induced  by  IR.  Accordingly,  deflciency  or 
depletion  of  complement  factors  protects  animals  from 
developing  IR  injury  [2-4].  Moreover,  inhibition  of  com¬ 
plement  activity  through  a  variety  of  approaches  has 
been  shown  to  diminish  the  intensity  of  IR-mediated 
organ  damage  (reviewed  in  reference  [5]). 

The  mechanisms  by  which  complement  is  activated 
by  ischemic  tissue  are  probably  numerous,  and  involve 
the  classic,  the  alternative,  and  the  mannose-binding 
lectin  (MBL)  pathways  [6-8].  Activation  of  the  classic 
and  MBL  pathways  probably  occurs  early,  and  depends 
on  the  recognition  of  tissue  antigens  exposed  in 
response  to  the  ischemic  insult  by  antibodies  and  lec¬ 
tins,  respectively  [7,  9].  On  the  other  hand,  the  alterna¬ 
tive  pathway  incorporates  a  powerful  ampliflcation 
mechanism  that  has  been  shown  to  be  essential  in  other 
complement-mediated  processes,  such  as  antiphospho¬ 
lipid  antibody-induced  fetal  resorption  [10]. 

CRIg  is  a  recently  identifled  complement  receptor  of 
the  immunoglobulin  superfamily  expressed  by  macro¬ 
phages  [11].  CRIg  participates  in  pathogen  clearance 
and  has  also  been  shown  to  posses  the  capacity  to 
inhibit  complement  activation.  It  does  so  by  binding  to 
C3b  and  inhibiting  the  C3  and  C5  convertases  of  the 
alternative  pathway  [12].  Inhibition  of  the  complement 
alternative  pathway  with  a  soluble  form  of  CRIg  (CRIg- 
Fc,  a  chimeric  molecule  comprised  of  the  extracellular 
portion  of  murine  CRIg  and  the  Fc  portion  of  murine 
IgGl)  has  shown  to  be  useful  in  a  number  of  settings, 
highlighting  the  role  of  the  alternative  pathway  as  an 
amplifler  of  the  inflammatory  response  [13].  We  decided 
to  use  CRIg-Fc  in  a  model  of  murine  IR-induced  tissue 
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FIG.  1.  CRIg-Fc  significantly  decreases  ischemia/reperfnsion-induced  intestinal  injury.  (A)  Representative  photographs  of  a  B6  mouse  sub¬ 
jected  to  sham  (left  panel)  or  I/R  procedure  (middle  and  right  panels).  Administration  of  CRIg-Fc  before  the  induction  of  IRI  significantly  de¬ 
creases  intestinal  injury.  (B)  Cumulative  data  of  one  experiment  (^  =  3  mice  per  group).  <  0.001;  =  0.001. 


injury  to  investigate  the  local  and  systemic  repercus¬ 
sions  of  blocking  the  alternative  pathway  in  a  setting 
where  complement  activation  plays  a  central  role. 

MATERIALS  AND  METHODS 
Mice 

Eight-week  old  C57B1/6  mice  were  used  for  mesenteric  IR.  Animals  in 
this  study  were  maintained  in  accordance  with  the  guidelines  of  the  Lab¬ 
oratory  Animal  Medicine  Department  and  the  Committee  on  the  Care 
and  Use  of  Laboratory  Animals  of  the  Institute  of  Laboratory  Animals. 

Reagents 

FITC-labeled  anti-mouse  C3  (MP  Biomedical,  LLS,  Solon,  OH)  and 
FITC-labeled  anti-mouse  Gr-1  (BD  Pharmingen,  San  Jose,  CA)  were 
used  for  immunofiuorescence  studies  and  confocal  microscope  imaging. 
Rat  anti-mouse  B220  (BD  Pharmingen)  and  rat  anti-mouse  CD3  (BD 
Pharmingen)  were  used  in  immunohistochemistry  studies.  Murine 
CRIg-Fc  was  a  kind  gift  from  Dr.  Menno  van  Lookeren  Campagne  [11]. 
A  monoclonal  anti-gp-120  IgGl  antibody  was  used  as  an  isotype  control. 

Intestinal  Model  of  Ischemia/Reperfusion 

Eight-week-old  C57B1/6  male  mice  were  weighed  and  anesthetized 
with  a  mixture  of  ketamine  (100  mg/kg),  xylazine  (20  mg/kg),  and 
acepromazine  (3  mg/kg).  Anesthesia  was  maintained  during  the 
entire  experiment.  Body  temperature  was  kept  at  37  °C  using 
warm-mate.  I/R  group:  mice  underwent  intestinal  ischemia  for 
30  min  through  occlusion  of  the  mesenteric  artery  with  a  vascular 
clamp,  followed  by  3  h  reperfusion.  Sham  mice  underwent  the 
same  operative  intervention  except  for  clamping  of  the  superior  mes¬ 
enteric  artery.  Mice  were  sacrificed  by  anesthetic  overdose.  Har¬ 
vested  intestine  were  fixed  overnight  in  10%  formalin  (for  paraffin 
blocks)  or  directly  stored  in  embedding  media  (for  frozen  sections). 
In  some  mice,  Peyer’s  patches  were  harvested,  and  single  cell  sus¬ 


pensions  were  prepared  for  fiow  cytometry  analyses.  Mice  received 
either  CRIg-Fc  (12  mg/K)  or  isotype  control  in  a  single  subcutaneous 
injection  before  IR  surgery. 

Histology  and  Tissue  Injury  Scoring 

To  prepare  specimens  for  histological  analysis,  2  cm  segments  of 
small  intestine  specimens  were  fixed  in  10%  buffered  Formalin 
phosphate  immediately  after  euthanasia.  Next,  tissues  were  em¬ 
bedded  in  paraffin,  sectioned  transversely  in  5-  to  7  inm  sections, 
and  stained  with  H  and  E.  For  some  experiments,  CD3  and 
B220^  cells  were  detected  by  immunohistochemistry.  In  each  sec¬ 
tion,  100  villi  were  graded  on  a  six-tiered  scale,  as  previously 
described  [14].  Briefiy,  a  score  of  0  was  assigned  to  a  normal  villus; 
villi  with  tip  distortion  were  scored  as  1;  villi  lacking  goblet  cells 
and  containing  Guggenheims’  spaces  were  scored  as  2;  villi  with 
patchy  disruption  of  the  epithelial  cells  were  scored  as  3;  villi 
with  exposed  but  intact  lamina  propria  and  epithelial  cell  slough¬ 
ing  were  assigned  a  score  of  4;  villi  in  which  the  lamina  propria 
was  exuding  were  scored  as  5;  and  finally,  villi  displaying  hemor¬ 
rhage  or  denudation  were  scored  as  6.  All  histologic  analysis  was 
performed  in  a  blinded  manner. 

Three  parameters  were  scored  in  lung  sections  to  determine  distal 
injury:  (A)  periluminal  infiltrates  (airways/vessels):  0,  when  no  infil¬ 
trates  were  observed;  1,  when  infiltrates  were  formed  by  1  to  3  cell 
layers;  2,  when  infiltrates  were  4  to  10  cell  layers  thick;  3,  when 
they  were  >10  cell  layers  thick.  (B)  Pneumonitis  (alveolar/intersti¬ 
tial):  0,  when  no  infiltrates  were  observed;  1,  when  infiltrating  cells 
were  evident  only  at  high  magnification  (X400);  2,  when  cell  infil¬ 
trates  were  easily  observed;  3,  when  lung  consolidation  by  infiamma- 
tory  cells  was  evident.  (C)  Percentage  of  affected  lung  tissue:  0,  0%;  1, 
5%  to  25%;  2,  26%  to  50%;  3,  >50%. 

Immunofluorescence 

For  immunofiuorescence,  small  intestine  or  lung  fragments  were 
snap-frozen  to  -70  °C,  and  sections  were  cut  with  a  cryostat  and  fixed 
in  acetone.  Samples  were  blocked  in  PBS  +  10%  FCS.  Sections  were 
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FIG.  2.  CRIg-Fc  treatment  reduces  remote  organ  damage  induced  by  ischemia/reperfusion.  (A)  Representative  photographs  of  lung  sec¬ 
tions  from  mice  subjected  to  30  min  mesenteric  ischemia  followed  by  3  h  reperfusion.  Upper  panels  show  normal  lung  parenchyma;  middle 
panels  show  dense  infiltrates  in  a  mouse  that  received  control  Ig;  lower  panels  show  milder  infiammation  in  a  mouse  treated  with  CRIg-Fc. 
Lung  infiammation  was  evaluated  considering  three  parameters:  pneumonitis  (B),  periluminal  infiltrates  (C),  and  percentage  of  affected 
lung  parenchyma  (D).  Treatment  with  CRIg  significantly  decreased  the  magnitude  of  the  observed  periluminal  infiltrates,  as  well  as  the  per¬ 
centage  of  affected  lung  parenchyma  (*P  <  0.02).  Although  CRIg  showed  a  tendency  to  diminish  pneumonitis,  the  difference  did  not  reach 
statistical  significance. 


incubated  overnight  with  primary  antibodies  (1:100).  After  thorough 
washing,  secondary  antibodies  were  incubated  for  1  h.  Sections  were 
mounted  using  anti-fade  solution  (Slowfade  Gold;  Invitrogen,  Carls¬ 
bad,  CA).  Finally,  slides  were  scanned  in  a  Nikon  Eclipse  Ti  confocal 
microscope  (Melville,  NY).  Images  were  analyzed  with  EZ-Cl  ver.  3.6 
software  (Nikon).  To  quantify  cellular  infiltrates,  digital  photomicro¬ 
graphs  of  stained  sections  were  processed  with  the  Nikon  NIS-Ele- 
ments  software.  Five  random  fields  (at  a  power  of  X200)  were 
examined  per  tissue  per  animal  in  a  blinded  fashion. 

Statistical  Analyses 

Student’s  ^-test  was  used  to  compare  data  among  groups.  Data  are 
expressed  as  mean  ±  SD.  AP  <  0.05  was  considered  significant. 

RESULTS 

Inhibition  of  the  Alternative  Pathway  Decreases  Ischemia/ 
Reperfusion-Induced  Intestinal  and  Lung  Injury 

To  determine  whether  inhibition  of  the  alternative 
pathway  of  the  complement  was  able  to  reduce  tissue 


damage  induced  by  IR,  we  injected  CRIg-Fc  or  an 
appropriate  isotype  control  to  B6  mice  before  subjecting 
them  to  30  min  mesenteric  ischemia.  As  shown  in 
Fig.  1,  mice  that  received  the  control  antibody  devel¬ 
oped  intense  intestinal  injury  after  reperfusion 
(5.1  ±  0.04).  In  contrast,  intestinal  damage  was  signifi¬ 
cantly  limited  (3.9  ±  0.11,  P  =  0.001)  in  mice  that 
received  CRIg-Fc. 

The  inflammation  elicited  in  the  ischemic  tissue  is 
distributed  systemically  when  blood  flow  is  restored, 
causing  injury  in  distant  organs  such  as  the  kidney 
and  lungs.  As  shown  in  Fig.  2,  treatment  with  CRIg- 
Fc  also  reduced  significantly  lung  organ  damage 
(Fig.  2).  Pneumonitis  diminished,  albeit  not  signifi¬ 
cantly,  in  mice  treated  with  CRIg-Fc  (2.6  ±  0.3  versus 
1.9  ±  0.4;  P  =  0.09).  The  magnitude  of  the  periluminal 
infiltrates  decreased  significantly,  from  2.8  ±  0.2  to 
1.9  ±  0.4  in  CRIg-Fc-treated  animals  (P  =  0.02).  Like¬ 
wise,  treated  mice  had  a  lower  percentage  of  affected 
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FIG.  3.  CRIg-Fc  reduces  complement  deposition  in  intestine  and  lung.  Frozen  sections  from  intestine  (A)  and  lung  (B)  of  mice  treated  with 
control  Ig  or  CRIg-Fc  prior  to  induction  of  ischemia/reperfusion  were  stained  with  anti-C3-FITC  and  scanned  in  a  confocal  microscope.  Treat¬ 
ment  with  CRIg-Fc  conspicuously  decreased  complement  deposition  in  both  organs.  (C)  Cumulative  data  =  7  mice  per  group)  as  quantified  by 
an  image-analyzing  software  (Nikon  NIS-Elements).  <0.001 


lung  parenchyma  than  mice  in  which  isotype  control  Administration  of  CRIg-Fc  Effectively  Blocks  Complement 
was  administered  (2.9  ±  0.1  versus  1.8  ±  0.5;  Deposition 

P  =  0.02).  These  results  are  summarized  in  Fig.  2.  i  •  •  •  in.  i  ... 

IK-mduced  tissue  injury  leads  to  complement  activa¬ 
tion  by  the  classic  and  MBL  pathways  [1].  In  order  to 
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FIG.  4.  CRIg-Fc  reduces  neutrophil  infiltration  in  intestine  and  lung.  Frozen  sections  from  intestine  (A)  and  lungs  (B)  of  mice  treated 
with  control  Ig  or  CRIg-Fc  prior  to  induction  of  ischemia/reperfusion  were  stained  with  anti-Grl-FITC  and  scanned  in  a  confocal  micro¬ 
scope.  Treatment  with  CRIg-Fc  decreased  the  number  of  neutrophils  and  infiammatory  monocytes  in  both  tissues.  Cumulative  data  =  7 
mice  per  group)  of  Gr-1^  cells  in  the  intestine  (C)  and  lung  (D)  as  quantified  by  an  image-analyzing  software  (Nikon  NIS-Elements). 
*P<  0.001 
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FIG.  5.  CRIg-Fc  has  no  significant  effect  on  T  and  B  cell  infiltration.  Sections  from  intestine  (A)  and  lungs  (B)  of  mice  treated  with  control  Ig 
or  CRIg-Fc  prior  to  induction  of  ischemia/reperfusion  were  stained  by  immunohistochemistry  with  rat  anti-CD3  or  rat  anti-B220.  Cells  were 
quantified  by  counting  positive  cells  in  five  high-power  fields.  Treatment  with  CRIg-Fc  did  not  modify  the  numbers  of  intestine-  and  lung-in- 
filtrating  T  cells;  it  did  decrease  the  magnitude  of  B  cell  infiltration  in  the  lung  in  a  significant  manner  (*P  =  0.03). 


determine  to  what  extent  CRIg-Fc  could  block  comple¬ 
ment  activation  and  deposition,  we  stained  frozen  sec¬ 
tions  from  intestinal  and  lung  tissues  of  mice  subjected 
to  IR.  As  shown  in  Fig.  3,  treatment  with  CRIg-Fc  effec¬ 
tively  blocked  C3  deposition  in  both  organs. 

CRIg-Fc  Prevents  Neutrophil  Infiltration 

Neutrophils  are  key  mediators  of  IR-mediated  tissue 
injury  [15].  They  enter  the  ischemic  tissue  early  during 
reperfusion  attracted  by  chemotactic  factors,  including 
C5a.  Since  CRIg-Fc  blocked  the  activation  and  deposi¬ 
tion  of  complement,  we  hypothesized  that  its  protective 
effect  could  be  mediated  by  the  prevention  of  neutrophil 
infiltration.  As  shown  in  Fig.  4,  CRIg-Fc  decreased  sig¬ 
nificantly  the  quantity  of  neutrophils  in  the  intestine 
and  lung  3  h  after  reperfusion  (P  <  0.001). 

CRIg-Fc  Does  Not  Affect  Significantly  the  Magnitude  of  T  and  B 
Cell  Infiltration 

We  have  previously  shown  that  T  and  B  cells  are  im¬ 
portant  players  in  IR-mediated  tissue  injury  [16,  17]. 
They  enter  the  tissue  during  the  first  hours  of  reperfu¬ 
sion,  guided  by  locally  released  chemokines  [17].  We 
stained  intestine  and  lung  sections  with  anti-CD3  and 
anti-B220,  and  quantified  the  number  of  infiltrating  T 


and  B  cells.  As  shown  in  Fig.  5,  IR  led  to  a  significant 
increase  in  the  number  of  T  and  B  cells  in  both  intestine 
and  lung  parenchyma  (P  <  0.01).  Treatment  with  CRIg- 
Fc  did  not  modify  the  magnitude  of  T  lymphocyte  infil¬ 
tration.  It  decreased  B  cell  entry  into  lung  parenchyma 
in  a  moderate,  albeit  statistically  significant,  fashion 
(Fig.  5). 

DISCUSSION 

In  this  article,  we  demonstrate  that  the  complement 
alternative  pathway  inhibitor,  CRIg-Fc,  prevents  local 
and  remote  tissue  injury  induced  by  IR.  Such  effect  is 
accompanied  by  a  significant  reduction  in  C3  deposition 
in  both  intestine  and  lung,  and  is  associated  with  an  ob¬ 
vious  reduction  in  tissue  infiltration  by  Gr-1^  polymor¬ 
phonuclear  cells.  We  also  show  that  protection  is 
largely  independent  of  T  and  B  cell  infiltration. 

Complement  activation  is  known  to  play  a  central 
role  in  the  instigation  and  amplification  of  IR-mediated 
tissue  injury  [18].  Absence  of  complement  factors,  as 
well  as  inhibition  of  complement  activation,  have 
been  shown  to  protect  tissues  from  IR-initiated  damage 
[2-4].  Complement  activation  in  the  setting  of  IR  has 
been  shown  to  involve  mainly  the  classic  and  MBL 
pathways  [7].  Natural  autoantibodies  present  in  nor¬ 
mal  serum  bind  to  negatively  charged  phospholipids 
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exposed  on  ischemic  cells  and  initiate  the  complement 
cascade  [1,  19].  This  phenomenon  is  exacerbated  in  au¬ 
toimmune-prone  mice  by  the  presence  of  antiphospholi¬ 
pid  and  anti-DNA  antibodies  [9,  14].  The  importance  of 
the  alternative  pathway  as  an  amplification  mecha¬ 
nism  has  been  observed  in  a  variety  of  settings,  includ¬ 
ing  IR-mediated  injury  [6,  20]  and  murine  models  of 
antiphospholipid  syndrome  [21]. 

Inhibition  of  the  alternative  pathway  has  been  shown 
to  be  protective  against  tissue  injury  in  the  model  of  intes¬ 
tinal  IR  [3,  22].  In  this  paper,  we  confirm  these  findings, 
and  demonstrate  that  an  infusible  biologic  CRIg-Fc  can 
be  used  effectively  in  clinical  settings  that  involve  IR 
injury.  We  show  that  although  C3  deposition  and  neutro¬ 
phil  infiltration  are  dramatically  reduced  in  local  and 
remote  organs,  T  and  B  lymphoc3d;e  infiltration  is  not 
affected.  Our  findings  suggest  that  IR-induced  tissue 
infiltration  by  lymphoc3d;es  and  neutrophils  is  guided 
by  different  signals.  The  absence  of  complement  activa¬ 
tion  dampens  injury  produced  by  polymorphonuclear 
cells,  but  not  by  lymphocytes  [16,  17]. 

The  demonstration  of  CRIg-Fc  as  an  effective  inhibi¬ 
tor  of  IR-induced  tissue  injury  adds  a  potential  thera¬ 
peutic  option  that  may  prove  useful  in  the  clinical 
setting.  The  effect  of  CRIg-Fc  is  limited  to  the  inhibition 
of  the  alternative  pathway  convertases  [12].  Because  it 
does  not  block  the  activation  of  complement  through  the 
classic  and  MBL  pathways,  it  does  not  block  the  initial 
steps  of  complement  activation  and,  in  this  respect,  it 
may  limit  the  immunosuppression  that  results  from  in¬ 
discriminate  suppression  of  the  complement  system. 

In  summary,  we  show  that  CRIg-Fc,  an  inhibitor  of 
the  complement  alternative  pathway,  is  able  to  protect 
from  IR-induced  local  and  remote  organ  damage  in 
a  neutrophil-dependent  manner.  Our  results  show 
that  CRIg  represents  a  candidate  to  limit  IR  injury  as 
it  occurs  in  various  clinical  conditions. 
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Background,  Complement  has  been  implicated  in 
the  pathogenesis  of  intestinal  damage  and  inflamma¬ 
tion  in  multiple  animal  models.  Although  the  exact 
mechanism  is  unknown,  inhibition  of  complement  pre¬ 
vents  hemodynamic  alterations  in  hemorrhage. 

Materials  and  methods,  C57B1/6,  complement  5  defi¬ 
cient  (C5-/-)  and  sufficient  (C5+/+)  mice  were  sub¬ 
jected  to  25%  blood  loss.  In  some  cases,  C57B1/6  mice 
were  treated  with  C5a  receptor  antagonist  (C5aRa) 
post-hemorrhage.  Intestinal  injury,  leukotriene  B4, 
and  myeloperoxidase  production  were  assessed  for 
each  treatment  group  of  mice. 

Results,  Mice  subjected  to  significant  blood  loss 
without  major  trauma  develop  intestinal  inflamma¬ 
tion  and  tissue  damage  within  2  hours.  We  report  here 
that  complement  5  (C5)  deficient  mice  are  protected 
from  intestinal  tissue  damage  when  subjected  to  hem¬ 
orrhage  (injury  score  =  0.36  compared  with  wildtype 
hemorrhaged  animal  injury  score  =  2.89;  P  <  0.05).  We 
present  evidence  that  C5a  represents  the  effector  mol¬ 
ecule  because  C57B1/6  mice  treated  with  a  C5a  recep¬ 
tor  antagonist  displayed  limited  intestinal  injury  (in¬ 
jury  score  =  0.88),  leukotriene  B4  (13.16  pg/mg  tissue), 
and  myeloperoxidase  (115.6  pg/mg  tissue)  production 
compared  with  hemorrhaged  C57B1/6  mice  (P  <  0.05). 

Conclusions,  Complement  activation  is  important  in 
the  development  of  hemorrhage-induced  tissue  injury 
and  C5a  generation  is  critical  for  tissue  inflammation 
and  damage.  Thus,  therapeutics  targeting  C5a  may 
be  useful  therapeutics  for  hemorrhage-associated 

injury.  ©  2008  Elsevier  Inc.  All  rights  reserved. 
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INTRODUCTION 

Hemorrhage  and  the  accompanying  hemorrhagic 
shock  result  in  clinical  complications  and  systemic  in¬ 
flammation  [1,  2].  During  hemorrhage,  there  is  de¬ 
creased  systemic  perfusion,  leading  to  decreased  blood 
flow  to  the  intestine,  kidney,  and  skeletal  muscle  [3,  4]. 
As  the  intestine  normally  receives  more  blood  from  the 
heart  than  any  other  organ  with  the  splanchnic  circu¬ 
lation  consisting  of  up  to  25%  to  30%  of  the  total  blood 
volume,  hemorrhage-induced  decreased  intestinal  blood 
flow  and  associated  vasoconstriction  may  result  in  a 
functional  intestinal  ischemia  [5].  In  other  models  of 
ischemia,  this  process  leads  to  local  and  systemic  dam¬ 
age  and  is  suggested  to  be  critical  in  the  induction  of 
multiple  organ  failure  [6] .  Mechanisms  of  ischemia  and 
subsequent  reperfusion-induced  intestinal  mucosal  in¬ 
jury  include  oxidative  stress  and  excessive  complement 
activation  [7-9]. 

Excessive  complement  activation  results  in  tissue 
damage  in  many  animal  models,  including  septic 
shock,  transplantation,  and  mesenteric  or  skeletal 
muscle  ischemia  (reviewed  in  [10].  Previously,  we 
showed  that  C5a  has  a  signiflcant  role  in  a  mouse 
model  of  intestinal  ischemia/reperfusion-induced  dam¬ 
age  and  eicosanoid  production  [8].  In  addition,  others 
have  shown  that  C5  and  speciflcally,  C5a  is  critical  for 
neutrophil  and  monocyte  chemotaxis  in  either  myocar¬ 
dial  or  mesenteric  ischemic  models  [11-14].  Finally,  in 
a  renal  ischemia/reperfusion  model,  C5a  blockade  pre¬ 
vents  damage  that  is  not  dependent  on  neutrophil  in¬ 
filtration,  but  by  alteration  of  the  chemokine  profile 
[13].  Thus,  therapeutics  that  target  complement  acti¬ 
vation  in  the  intestine  prevent  damage  in  other  animal 
models  and  the  same  therapeutics  may  be  beneficial  in 
hemorrhage. 


1 


0022-4804/08  $34.00 
©  2008  Elsevier  Inc.  All  rights  reserved. 


ARTICLE  IN  PRESS 


2  JOURNAL  OF  SURGICAL  RESEARCH:  VOL.  xx,  NO.  x,  MONTH  2008 


Complement  activation  is  also  critical  in  rat  models  of 
hemorrhagic  shock.  Depletion  of  complement  prevented 
clinical  signs  of  hemorrhagic  shock  [15]  and  hemody¬ 
namic  changes  were  prevented  with  complement  inhibi¬ 
tion  with  soluble  complement  receptor  1  [3,  16]  or  Cl- 
inhibitor  [17].  Recent  studies  showed  that  anti-C5 
antibody  treatment  decreases  the  resuscitation  fluid  vol¬ 
ume  required  to  improve  mean  arterial  pressure  [18]. 
Total  inhibition  of  complement  activation  and  the  mem¬ 
brane  attack  complex,  however,  may  lead  to  sepsis  and 
other  infectious  complications  due  to  the  inhibition  of  all 
complement  cascades.  It  is  critical  therefore,  to  identify 
the  speciflc  molecules  involved  in  the  complement  medi¬ 
ated  damage  to  achieve  targeted  complement  inhibition. 
Excess  of  C5a  is  lethal  in  a  rat  hemorrhage  model  [15] 
and  a  C5a  receptor  antagonist  decreased  the  inflamma¬ 
tory  response  within  rat  intestine  and  lungs  in  a  model  of 
intestinal  ischemia  with  hemorrhage  [19].  However,  it  is 
unclear  if  inhibition  of  C5a  activity  is  sufficient  to  prevent 
or  attenuate  intestinal  damage  and  its  sequelae. 

Many  animal  models  of  hemorrhage  involve  rats  and 
include  traumatic  injury  [19-24]  and  the  use  of  hepa¬ 
rin  [3,  16],  which  complicates  determination  of  the 
complement  activation  factors.  In  addition,  rat  models 
of  hemorrhagic  shock  preclude  the  use  of  genetically 
modifled  animals. 

Here  we  show  that  in  the  absence  of  major  trauma, 
loss  of  one-quarter  of  the  total  blood  volume  in  mice 
results  in  signiflcant  intestinal  inflammation  and  dam¬ 
age.  We  present  evidence  that  C5  deflcient  mice  do  not 
develop  signs  of  inflammation  and  tissue  damage  and 
more  importantly,  blockade  of  the  action  of  C5a  with  a 
synthetic  C5a  receptor  antagonist  limited  tissue  dam¬ 
age  in  wild  type  mice. 

MATERIALS  AND  METHODS 
Mice 

C57B1/6,  B10.D2-Hc°H2^H2-T187oSnJ  and  B10.D2-Hc'H2^H2- 
T187nSnJ  (C5-/-  and  C5+/+,  respectively)  male  mice  (6  to  8  wk  old) 
were  obtained  from  The  Jackson  Laboratory  (C5+/+,  and  C5-/-)  or 
bred  (C57B1/6)  and  maintained  in  the  Division  of  Biology  at  Kansas 
State  University.  All  mice  were  allowed  food  and  water  ad  libitum  and 
kept  in  12-h  light-to-dark  facilities.  Research  was  conducted  in  compli¬ 
ance  with  the  Animal  Welfare  Act  and  other  federal  statutes  and 
regulations  relating  to  animals  and  experiments  involving  animals,  and 
experiments  were  performed  according  to  the  principles  set  forth  in  the 
Guide  for  the  Care  and  Use  of  Laboratory  Animals  (Institute  of  Labo¬ 
ratory  Animal  Resources,  National  Research  Council,  1996  edition). 

Hemorrhage  Protocol 

After  a  1-wk  acclimatization  period,  mice  were  anesthetized  using 
ketamine  (16  mg/kg)  and  xylazine  (80  mg/kg).  All  procedures  were 
performed  with  the  animals  breathing  spontaneously  and  body  tem¬ 
perature  maintained  at  37°C  using  a  water-circulating  heating  pad. 
Mice  undergoing  hemorrhage  were  subjected  to  retro-orbital  removal 
of  25%  of  the  calculated  blood  volume  (approximately  0.5  mL)  over  a 
90  s  period  [25,  26].  Volume  of  blood  to  be  removed  was  based  on 
weight  and  ranged  from  400  ptL  to  600  ptL;  (body  weight  in  grams  X 


0.02  [27].  The  determined  blood  volume  was  measured  in  water  and 
marked  on  both  the  collection  tubes  and  the  capillary  tubing  used  for 
retro-orbital  punctures.  This  ensured  that  the  correct  amount  would 
be  withdrawn.  A  single  retro-orbital  puncture  was  sufficient  for  blood 
collection.  The  2  h  mortality  rate  was  less  than  1%.  Sham  mice  were 
subjected  to  similar  procedures  with  no  blood  removal.  In  some 
studies,  the  murine  C5aRa  (25  jag/mouse)  was  injected  intravenously 
5  to  15  min  after  either  hemorrhage  or  sham  treatment  [28].  An 
additional  experimental  group  consisted  of  mice  subjected  to  hemor¬ 
rhage  followed  1  h  later  by  administration  of  200  jaL  normal  saline 
i.v.  C5aRa  was  synthesized  and  similar  dosages  administered  as 
described  previously  [28] .  To  prevent  spontaneous  complement  acti¬ 
vation,  all  studies  were  performed  in  the  absence  of  heparin.  At  2  h 
post-hemorrhage,  mice  were  euthanized  and  tissues  collected  for 
analysis.  Intestinal  tissues  were  formalin  fixed  for  analysis  of  injury 
and  frozen  sections  were  obtained  for  immunohistochemistry. 

Injury  Score 

Formalin  fixed  tissue  sections  were  transversely  sectioned  and  H 
and  E  stained  for  analysis  of  injury.  Injury  was  scored  by  an  observer 
unaware  of  the  treatment  given  using  a  six-tiered  scale  adapted  from 
Chiu  et  al.  that  was  described  previously  [7,  8,  29].  The  average 
damage  score  was  assigned  to  an  approximately  2  cm  section  of 
mid-jejunum  intestine  (75  to  150  villi)  after  grading  each  villus  from 
0-6.  Normal  villi  were  assigned  a  score  of  zero;  villi  with  tip  distortion 
were  assigned  a  score  1;  score  2  was  assigned  when  Guggenheims’ 
spaces  were  present;  villi  with  patchy  disruption  of  the  epithelial  cells 
were  assigned  a  score  of  3;  score  4  was  assigned  to  villi  with  exposed  but 
intact  lamina  propria  with  epithelial  sloughing;  a  score  of  5  was  as¬ 
signed  when  the  lamina  propria  was  exuding;  and  villi  that  displayed 
hemorrhage  or  were  denuded  were  assigned  a  score  of  6. 

Villus  Height/ Crypt  Depth 

Villus  height/crypt  depth  ratio  of  at  least  15  individual  villi  per 
animal  was  measured  using  MetaVue  computer  software  (Molecular 
Devices,  Sunn3wale,  CA).  The  average  of  three  to  eight  animals  per 
treatment  group  is  reported. 

Leukotriene  B4,  Myeloperoxidase,  and  Total 
Peroxidase  Production 

Ex  vivo  intestinal  supernatants  were  generated  for  total  peroxi¬ 
dase,  leukotriene  B4  (LTB4),  and  myeloperoxidase  (MPO)  analysis  as 
described  previously  [30,  31].  Briefiy,  1  cm  mid-jejunum  sections 
were  minced,  washed,  and  resuspended  in  oxygenated  Tyrode’s 
buffer  (Sigma,  St.  Louis,  MO)  for  20  min  at  37°C.  Following  incuba¬ 
tion,  the  supernatants  and  tissues  were  collected  and  stored  at 
-80°C  until  assayed.  Commercially  available  LTB4  EIA  kit  (Cayman 
Chemicals  #520111;  Cayman  Chemicals,  Ann  Arbor,  MI)  and  MPO 
specific  enzyme-linked  immunosorbent  assay  kit  (Cell  Sciences 
#HK201;  Cell  Sciences,  Canton,  MA)  were  used  to  determine  LTB4 
and  MPO  concentrations.  Total  tissue  peroxidase  was  determined  by 
incubating  supernatants  with  3,  3',  5,  5'  tetramethylbenzidine  (KPL 
Chemicals,  Rockville,  MD)  and  the  reaction  stopped  with  0.18  M 
sulfuric  acid.  The  OD450  was  determined  and  compared  with  a 
horseradish  peroxidase  (Sigma)  standard.  The  concentration  of  each 
factor  was  reported  as  pg/mg  intestinal  tissue. 

Immunohistochemistry 

Tissues  snap  frozen  in  TBS  freezing  media  (ThermoFisher, 
Waltham,  MA)  were  sectioned  at  6  to  8  pt  for  immunohistochemistry 
staining  as  described  previously  [7,  8].  Briefiy,  nonspecific  antibody 
binding  sites  were  blocked  by  treatment  with  a  solution  of  20%  rabbit 
serum  (Jackson  ImmunoResearch,  West  Grove,  PA)  in  phosphate- 
buffered  saline  (PBS)  for  30  min  prior  to  incubation  with  rabbit  anti¬ 
mouse  C3  antibody  (Cell  Sciences  #HP8012)  overnight  at  4°C.  The 
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FIG.  1.  Hemorrhage  induces  intestinal  injury.  Wildt3rpe  mice  which  were  subjected  to  sham  treatment  (A)  or  hemorrhage  (B)  followed 
by  a  2  h  recovery  period.  Intestinal  sections  were  stained  with  H  and  E.  Additional  mice  were  subjected  to  hemorrhage  followed  by  an 
injection  of  normal  saline  (C).  Formalin  fixed  intestinal  sections  from  each  treatment  group  were  scored  for  mucosal  injury  (0-6)  as  described 
in  the  Materials  and  Methods  section  (D).  Open  bars  represent  no  resuscitation  fiuid,  solid  bars  represent  resuscitation  fiuids  were 
administered.  Each  bar  represents  the  average  ±  SEM  with  4  to  10  mice  per  group.  Villus  height/cr3rpt  depth  ratio  of  individual  villi  was 
measured  using  Metavue  computer  software  (E).  All  measurements  were  obtained  at  a  X200  magnification.  Open  bars  represent  no  normal 
saline,  solid  bars  represent  normal  saline  was  administered.  Each  bar  is  the  average  ±  SEM  with  3  mice  per  group.  Using  ANOVA  with 
Newman-Keuls  post  hoc  test,  the  asterisk  indicates  significant  difference  from  the  respective  sham  treatment  group  iP  <  0.05). 


tissue  was  then  incubated  with  donkey  anti-rabbit  secondary  antibody 
conjugated  to  Texas  Red  (Jackson  ImmunoResearch).  After  washing, 
the  slides  were  mounted  with  ProLong  Gold  (Invitrogen,  Carlsbad,  CA). 
A  blinded  observer  examined  the  slides  by  fiuorescent  microscopy  using 
a  Nikon  80i  fiuorescent  microscope  equipped  with  appropriate  filters 
and  CoolSnapCf  camera  (Photometries,  Tucson,  AZ)  and  analyzed  by 
MetaVue  Imaging  software  (Molecular  Devices). 

Statistics 

The  data  are  presented  as  mean  ±  SEM  and  compared  by  one-way 
analysis  of  variance  (ANOVA)  with  Neuman-Keuls  post  hoc  analysis 
(GraphPad,  San  Diego,  CA).  Differences  were  considered  significant 
when  P  <  0.05. 

RESULTS 

Hemorrhage  Induces  Intestinal  Damage 

A  recent  study  showed  that  during  porcine  hemor¬ 
rhage,  intestinal  blood  flow  decreased  proportionally  to 
total  volume,  but  these  studies  did  not  examine  the 
extent  of  intestinal  damage  [4] .  To  confirm  that  blood 
loss  induced  intestinal  damage,  mice  were  sham- 
treated  or  retro-orbitally  bled  to  remove  25%  blood 
volume  based  on  weight.  Previous  reports  indicated 
that  removal  of  25%  blood  volume  induced  liver  dam¬ 


age  and  inflammation  [27].  In  addition,  preliminary 
data  indicated  the  presence  of  significant  intestinal 
damage.  Intestinal  tissues  were  collected  2  h  post¬ 
bleeding  and  analyzed  for  mucosal  injury.  As  shown  in 
Fig.  lA  and  D,  sham  treatment  did  not  result  in  dam¬ 
age  of  the  intestines  as  indicated  by  preservation  of 
villi  tips  (Fig.  lA)  and  low  injury  score  (Fig.  ID).  In 
contrast,  significant  mucosal  damage  occurred  at  2  h 
post-hemorrhage  as  shown  in  Fig.  IB  and  D.  Intestinal 
damage  at  2  h  post-hemorrhage  included  disintegra¬ 
tion  of  the  epithelial  integrity  and  exuding  lamina  pro¬ 
pria  from  the  villi  (Fig.  IB),  which  resulted  in  in¬ 
creased  injury  score  (Fig.  ID).  Also  indicative  of 
damage,  hemorrhage  resulted  in  significantly  shorter 
villi  without  altering  the  crypt  depth  as  indicated  by 
villus  height/crypt  depth  ratio  (Fig.  IE). 

Previous  studies  indicate  that  administration  of 
even  small  volumes  of  normal  saline,  alters  inflamma¬ 
tion  and  organ  damage  [18,  20].  Because  future  studies 
will  require  treatment  with  small  volumes  of  comple¬ 
ment  inhibitor  suspended  in  saline,  it  was  necessary  to 
determine  if  these  quantities  of  saline  altered  intesti¬ 
nal  damage  and  inflammation.  Therefore,  some  groups 
of  both  sham  and  hemorrhaged  mice  were  adminis- 
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FIG.  2.  C3  is  deposited  to  intestinal  tissue  following  hemorrhage.  Intestinal  sections  from  wildt3rpe  mice  subjected  to  sham  treatment 
(A)  or  hemorrhage  (B)  and  were  stained  for  C3  deposition  as  described  in  the  Materials  and  Methods  section.  Original  magnification  is  X200. 
Data  are  representative  of  three  individual  experiments. 


tered  200  jixL  normal  saline  i.v.  Although  there  was  a 
slight  increase  in  injury,  Fig.  1C,  D,  and  E  indicate 
small  volumes  of  normal  saline  administered  at  1  h 
post-hemorrhage  did  not  significantly  alter  the  2  h 
post-hemorrhage  injury  score  (P  =  0.092),  or  villus 
height  versus  crypt  depth  ratio  (Fig.  1C,  D,  and  E). 

Intestinal  Damage  and  Inflammation  is 
Complement-Dependent 

As  other  forms  of  intestinal  mucosal  damage  are 
complement  mediated,  we  assessed  C3  deposition  on 


the  intestine  of  mice  subjected  to  hemorrhage  by  im¬ 
munofluorescence  (Fig.  2).  Significant  amounts  of  C3 
were  deposited  on  the  intestinal  tissues  of  hemor¬ 
rhaged  mice  (Fig.  2B),  whereas  no  C3  was  deposited  in 
the  intestines  of  sham-treated  mice  (Fig.  2A). 

To  investigate  if  complement  has  a  critical  role  in 
hemorrhage-induced  intestinal  damage,  C5  deficient 
(C5-/-)  mice  and  C5  sufficient  mice  (C5+/+)  were 
subjected  to  hemorrhage  and  intestinal  injury  assessed 
2  h  later.  As  shown  in  Fig.  3A,  sham  treatment  did  not 
induce  intestinal  damage  in  either  strain.  Similar  to 


FIG.  3.  Hemorrhage-induced  intestinal  damage  is  attenuated  in  C5  deficient  mice.  Formalin  fixed  intestinal  sections  from  each  group 
were  scored  for  mucosal  injury  (0-6)  as  described  in  the  Materials  and  Methods  section  (A).  Each  dot  represents  a  single  animal.  H  and  E 
intestinal  sections  from  wildtype  (C5+/+)  (B)  and  C5  deficient  (C5-/-)  (C)  mice  subjected  to  hemorrhage.  Using  ANOVA  with  Newman-Keuls 
post  hoc  test,  the  asterisk  indicates  significant  difference  from  C5+/+  hemorrhage  group  (P  <  0.05). 


ARTICLE  IN  PRESS 


FLEMING  ET  AL.:  C5a  MEDIATES  HEMORRHAGE-INDUCED  INTESTINAL  DAMAGE  5 


C57B1/6  mice,  the  complement  sufficient  mice  sub¬ 
jected  to  hemorrhage  developed  significant  intestinal 
damage  (Fig.  3A  and  B)  manifested  by  increased  in¬ 
jury  scores  and  decreased  villus  height/crypt  depth 
ratio  compared  with  sham-treated  mice.  In  contrast, 
hemorrhage-induced  intestinal  damage  was  signifi¬ 
cantly  attenuated  in  C5-/-  mice  compared  with  the 
C5+/+  mice  with  mean  injury  scores  of  0.36  and  2.89, 
respectively  (Fig.  3A,  B,  and  C).  Villi  remained  tall,  the 
villus  height/crypt  depth  ratio  did  not  change,  and  the 
epithelial  layer  remained  intact  in  C5-/-  mice  after 
hemorrhage  (Fig.  3C).  As  expected,  C3  was  deposited 
in  both  C5+/+  and  C5-/-  mice  despite  the  lack  of 
damage  (data  not  shown). 

Excessive  inflammation,  characterized  by  neutrophil 
infiltration,  mediates  hemorrhage-induced  liver  and 
lung  injury  [17,  26,  32].  To  determine  if  hemorrhage 
induces  intestinal  neutrophil  infiltration,  the  produc¬ 
tion  of  chemotactic  factor  LTB4  was  determined.  As 
shown  in  Fig.  4A,  hemorrhage  induced  significant 
LTB4  production.  In  addition,  intestinal  tissues  from 
hemorrhaged,  complement  sufficient  mice  contained 
increased  amounts  of  myeloperoxidase  when  compared 
with  sham-treated  mice  (Fig.  4B).  In  contrast,  when 
C5-/-  mice  were  subjected  to  hemorrhage,  the  release 
of  LTB4  was  significantly  reduced,  suggesting  that  the 
recruitment  of  neutrophils  to  the  intestine  is  com¬ 
plement  dependent  (Fig.  4A).  In  addition,  intestinal 
tissue  from  C5-/-  mice  subjected  to  hemorrhage  did 
not  contain  any  myeloperoxidase  (Fig.  4B). 

C5a  Receptor  Antagonist  Attenuates  Intestinal 
Damage  and  Inflammation 

We  considered  it  likely  that  C5a  generated  following 
complement  activation  is  responsible  for  the  observed 
neutrophil  infiltration  in  C5  sufficient  mice  subjected 
to  hemorrhage  and  that  inhibition  of  its  action  would 
limit  the  inflammatory  response  and  tissue  damage.  To 
test  this  possibility  we  treated  male  C57B1/6  mice  with 
murine  C5a  receptor  antagonist  or  an  equivalent  vol¬ 


ume  of  PBS  5-10  min  after  hemorrhage.  In  contrast  to 
the  PBS-treated  C57B1/6  mice  (Fig.  5B),  mice  injected 
with  C5a  receptor  antagonist  displayed  attenuated  in¬ 
testinal  mucosal  damage  (Fig.  5C)  with  pathology  sim¬ 
ilar  to  that  recorded  in  the  sham  group  of  animals  (Fig. 
5A).  Hemorrhage-induced  intestinal  injury  was  de¬ 
creased  significantly  in  C5a  receptor  antagonist- 
treated  mice  compared  to  the  PBS-treated  group  of 
hemorrhaged  mice  and  was  comparable  to  tissue  injury 
observed  in  the  sham  group  of  mice  (Fig.  5D).  C5a 
production  occurs  downstream  of  C3  activation;  there¬ 
fore,  C5a  receptor  antagonist  should  not  alter  C3  dep¬ 
osition.  C5a  receptor  antagonist  treatment  did  not 
limit  the  amounts  of  C3  deposited  to  the  intestine  of 
hemorrhaged  mice  (Figs.  2  and  6)  and  the  observed  C3 
deposition  in  these  mice  was  increased  compared  to  the 
sham  group  of  animals  (Fig.  6A  and  B).  As  expected, 
administration  of  C5a  receptor  antagonist  decreased 
LTB4  production  in  both  sham  and  hemorrhaged  mice 
(Fig.  7A)  and  eliminated  the  hemorrhage-induced  in¬ 
crease  in  myeloperoxidase  content  (Fig.  7B).  Together 
these  data  indicate  that  C5a  receptor  antagonist  can 
attenuate  the  hemorrhage-induced  chemotactic  activ¬ 
ity  and  intestinal  tissue  damage. 

DISCUSSION 

Hemorrhage  induces  intestinal  mucosal  damage  and 
inflammation  with  complement  activation  and  influx  of 
neutrophils  [3,  16].  Complement  inhibition  prevents 
intestinal  damage  and  decreases  vasoconstriction  and 
the  subsequent  requirement  for  fluid  to  maintain  the 
mean  arterial  pressure  [18,  19,  33].  Our  study  shows 
that  low  blood  volume  also  leads  to  intestinal  damage 
and  inflammation  in  complement  sufficient  but  not  in 
C5  deficient  mice.  C5a  which  is  produced  during  com¬ 
plement  activation  appears  to  be  the  culprit  because 
inhibition  of  its  action  by  C5a  receptor  antagonist  lim¬ 
its  both  the  inflammatory  response  and  intestinal  tis¬ 
sue  damage. 


FIG.  4.  Hemorrhage  induces  a  complement-dependent  inflammatory  response.  Ex  vivo,  intestinal  LTB4  (A)  and  myeloperoxidase 
(B)  production  from  each  treatment  group  was  determined  by  enzyme  immunoassays  as  described  in  the  Materials  and  Methods  section. 
Each  bar  represents  the  average  ±  SEM  with  four  to  six  animals  per  group.  Using  ANOVA  with  Newman-Keuls  post  hoc  test,  the  asterisk 
indicates  signiflcant  difference  from  the  wildtype  treatment  groups. 
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FIG.  5.  Administration  of  C5a  receptor  antagonist  after  hemorrhage  prevents  intestinal  damage.  H  and  E  intestinal  sections  of  wildtype 
mice  (B6)  with  (A)  and  (C)  or  without  (B)  C5a  receptor  antagonist  (C5aRa)  treatment  were  subjected  to  sham  treatment  (A)  or  hemorrhage 
(B)  and  (C).  Mucosal  injury  (0-6)  was  determined  as  described  in  the  Materials  and  Methods  section  (D).  Using  ANOVA  with  Newman-Keuls 
post  hoc  test,  the  asterisk  indicates  significant  difference  from  C57B1/6  hemorrhage  group  (B6  Hem). 


Complement  is  known  to  have  a  role  in  the  intestinal 
damage,  but  the  specific  pathway  or  molecules  involved 
are  unknown.  In  ischemia  and  sepsis  models  of  intes¬ 
tinal  damage,  C5a  has  been  shown  to  be  required  for 
neutrophil  infiltration  [8,  14,  19,  34,  35].  Inhibition  of 
C3a  and  C5a  in  rat  models  of  hemorrhage  or  hemor¬ 
rhage  with  vascular  clamping  prevented  decrease  in 
mean  arterial  pressure  and  the  appearance  of  acidosis, 
intestinal  permeability  and  tissue  damage  [15,  19]. 
Our  studies  extend  these  observations  and  suggest  the 
recorded  beneficiary  effects  of  complement  inhibition 
on  physiological  parameters  such  as  mean  arterial 
blood  pressure  and  acid-base  balance  are  probably  due 


to  the  preceding  inhibition  of  the  tissue  inflammatory 
response  and  damage.  Indeed,  the  administration  of 
C5a  receptor  antagonist  limited  the  production  of  the 
chemotactic  factor,  LTB4,  and  the  infiltration  of  the 
intestinal  tissue  by  neutrophils  as  manifested  by  de¬ 
creased  myeloperoxidase  content.  C5a  receptor  antag¬ 
onist  has  been  shown  to  be  effective  in  other  animal 
models  of  inflammation  [35,  36],  including  a  murine 
model  of  mesenteric  ischemia/reperfusion  [8] . 

In  many  animal  models,  C5a  and  selective  C5a  ago¬ 
nists  induce  hypotension  and  vascular  permeability 
which  are  inhibited  by  blockade  of  C5a  receptor  bind¬ 
ing  [19,  33].  In  other  animal  models,  C5a  receptor 


FIG.  6.  C5a  receptor  antagonist  does  not  prevent  C3  deposition  on  intestinal  tissue.  Wildtype  mice  were  subjected  to  sham  (A)  or 
hemorrhage  (B)  prior  to  treatment  with  C5a  receptor  antagonist  (C5aRa),  and  frozen  intestinal  sections  were  stained  for  C3  deposition  as 
described  in  the  Materials  and  Methods  section.  Original  magnification  is  X200.  Data  are  representative  of  three  individual  experiments. 
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FIG.  7.  C5a  receptor  antagonist  attenuates  leukotriene  B4  and  myeloperoxidase  production  in  response  to  hemorrhage.  Ex  vivo, 
intestinal  LTB4  (A)  and  myeloperoxidase  (B)  production  by  each  treatment  group  was  determined  by  enzyme  immunoassays  as  described  in 
the  Materials  and  Methods  section.  Each  bar  is  average  ±  SEM  with  three  to  eight  animals  per  group.  Using  ANOVA  with  Newman-Keuls 
post  hoc  test,  asterisks  indicate  significant  difference  from  the  respective  wildtype  treatment  groups  (B6). 


antagonists  attenuate  the  cobra  venom  factor  me¬ 
diated  or  xenotransplant-induced  blood  pressure 
changes  [37,  38].  However,  in  other  hemorrhage  stud¬ 
ies,  complement  depletion  did  not  significantly  alter 
mean  arterial  pressures  within  the  first  2  h  after  hem¬ 
orrhage  [15].  Thus,  it  is  possible  that  administration  of 
the  C5  receptor  antagonist  prevents  the  hemorrhage- 
induced  hypotension.  Additional  studies  will  be  needed 
to  determine  the  exact  mechanism  of  protection  pro¬ 
vided  by  the  C5a  receptor  antagonist. 

It  is  possible  that  the  administration  of  C5  receptor 
antagonist  alters  the  cytokine  milieu  that  leads  to  in¬ 
testinal  damage.  Previous  studies  have  illustrated  that 
monocytes  treated  with  C5a  produce  IL-6  [39].  Other 
studies  have  shown  that  hemorrhage  increases  KC, 
MCP-1,  IL-6  and  IL-10  serum  concentrations  in  a 
TLR4-dependent  manner  [22,  40,  41].  In  addition, 
Meng  et  al.  showed  that  IL-6  is  critical  for  the  induction  of 
lung  and  liver  damage  in  response  to  hemorrhage  [32] . 
Therefore,  IL-6  and  possibly  other  cytokines  or  chemo- 
kines  may  be  involved  in  hemorrhage-induced  intesti¬ 
nal  damage  and  it  is  possible  that  C5a  receptor  antag¬ 
onist  alters  the  infiammatory  cytokine  response. 

Previous  studies  have  shown  that  complement  inhi¬ 
bition  prevents  intestinal  damage  and  decreased  vaso¬ 
constriction  in  rat  models  of  hemorrhage  [3,  16].  In  a 
rat  model  of  hemorrhage  and  mesenteric  ischemia,  the 
combination  of  heparin  and  C5a  receptor  antagonist 
decreased  intestinal  permeability  and  tumor  necrosis 
factor  production  [19].  The  unavoidable  use  of  heparin 
in  practically  all  hemorrhage  models  complicates  the 
interpretation  of  the  data  because  of  the  extensive 
interaction  of  the  complement  and  coagulation  activa¬ 
tion  cascades  [42] .  Our  studies  offer  a  unique  model  to 
study  the  role  of  complement  activation  in  a  murine 
model  of  hemorrhage  without  the  interference  of  con¬ 
founding  factors  such  as  trauma,  tubing  and  the  need 
for  anti-coagulation  drugs. 

In  conclusion,  we  present  evidence  in  a  simple  model 
of  murine  hemorrhage  which  does  not  involve  the  use 


of  trauma  or  anti-coagulants  that  complement  activa¬ 
tion  is  responsible  for  infiammation  and  tissue  damage 
in  the  intestine.  C5  deficient  mice  were  found  to  be 
completely  protected  from  hemorrhage-induced  intes¬ 
tinal  damage  and  the  administration  of  a  C5a  receptor 
antagonist  limits  both  the  infiammatory  response  and 
tissue  damage  in  the  intestine  of  mice  subjected  to 
hemorrhage.  The  use  of  complement  inhibitors  may 
therefore  be  of  clinical  value  in  people  who  hemorrhage 
and  they  may  limit  the  need  for  resuscitation  fiuids. 
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Shi  T,  Moulton  VR,  Lapchak  PH,  Deng  G,  Dalle  Lucca  JJ,  Tsokos 

GC.  Ischemia-mediated  aggregation  of  the  actin  cytoskeleton  is  one  of 
the  major  initial  events  resulting  in  ischemia-reperfusion  injury.  Am  J 
Physiol  Gastrointest  Liver  Physiol  296:  G339-G347,  2009.  First  pub- 
fished  December  18,  2008;  doi:  10.1 152/ajpgi.90607.2008. — ^Ischemia- 
reperfusion  (IR)  injury  represents  a  major  clinical  challenge,  which 
contributes  to  morbidity  and  mortality  during  surgery.  The  critical  role 
of  natural  immunoglobulin  M  (IgM)  and  complement  in  tissue  injury 
has  been  demonstrated.  However,  cellular  mechanisms  that  result  in 
the  deposition  of  natural  IgM  and  the  activation  of  complement  are 
still  unclear.  In  this  report,  using  a  murine  intestinal  IR  injury  model, 
we  demonstrated  that  the  p-actin  protein  in  the  small  intestine  was 
cleaved  and  actin  filaments  in  the  columnar  epithelial  cells  were 
aggregated  after  a  transient  disruption  during  30  min  of  ischemia. 
Isehemia  also  led  to  deposition  of  natural  IgM  and  complement  3 
(C3).  A  low  dose  of  cytochalasin  D,  a  depolymerization  reagent  of  the 
actin  cytoskeleton,  attenuated  this  deposition  and  also  attenuated 
intestinal  tissue  injury  in  a  dose-dependent  manner.  In  contrast,  high 
doses  of  cytochalasin  D  failed  to  worsen  the  injury.  These  data 
indicate  that  ischemia-mediated  aggregation  of  the  actin  cytoskeleton, 
rather  than  its  disruption,  results  directly  in  the  deposition  of  natural 
IgM  and  C3.  We  conclude  that  ischemia-mediated  aggregation  of  the 
actin  cytoskeleton  leads  to  the  deposition  of  natural  IgM  and  the 
activation  of  complement,  as  well  as  tissue  injury. 

cytochalasin  D;  complement;  deposition 


ISCHEMIA-REPERFUSION  (IR)  injury,  resulting  in  damage  to  local 
and  remote  organs  after  periods  of  ischemia,  is  a  major  con¬ 
tributor  to  morbidity  and  mortality  during  myocardial  infarc¬ 
tion,  transplantation,  stroke,  surgery,  and  trauma  (6,  8,  9,  25, 
47).  However,  currently  there  are  no  effective  therapies  be¬ 
cause  the  mechanisms  that  result  in  tissue  injury  are  not  fully 
understood. 

Although  IR  injury  causes  a  strong  inflammatory  response 
(18,  44,  45,  48),  accumulated  evidence  has  shown  that  com¬ 
plement  plays  a  critical  role  in  IR  injury.  The  finding  that 
chemotactic  complement  (C)3-cleavage  products  are  found  in 
damaged  heart  tissue  indicates  that  IR  injury  is  complement 
dependent  (17,  42).  Additionally,  the  myocardium  is  protected 
from  necrosis  by  cobra  venom  factor,  which  depletes  C3 
activation  via  the  activation  of  the  alternative  pathway  (12,  17, 
25,  27),  and  by  recombinant  soluble  human  complement  re¬ 
ceptor  (CR)1,  which  promotes  inactivation  of  C3  by  factor  I 
(45).  Soluble  CRl  also  reduces  cerebral  infarct  volume  (18) 
and  intestinal  injury  (13).  The  observation  that  C5b-9  deposits 
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in  human  myocardial  tissue  and  C5-  or  C6-deficient  mice  and 
rabbits  are  protected  from  IR  injury  strongly  suggests  that 
complement  is  a  major  mediator  of  IR  injury  (15,  36,  51). 
Studies  in  C3-  and  C4-deficient  mice  and  factor  B-  or  factor 
D-knockout  mice  suggest  that  all  three  complement  pathways 
mediate  IR  injury  (39,  41,  44,  48).  Although  the  significance  of 
complement  has  been  well  established,  the  cellular  mecha¬ 
nisms  leading  to  its  activation  in  tissues  are  not  clear. 

In  addition  to  the  contribution  of  complement,  natural  anti¬ 
bodies  are  also  shown  to  be  involved  in  the  pathogenesis  of  IR 
injury  (20,  44,  48).  Recombination  activation  gene  (RAG)  1/2- 
deficient  mice  lacking  natural  antibodies  and  CRl /2-null  mice 
with  defects  in  T-dependent  B-2  B  cell  responses  to  foreign 
antigens  undergo  less  IR  injury  (14).  Furthermore,  natural 
immunoglobulin  (Ig)  M  has  been  identified  as  one  of  culprits  of 
IR  injury  (3,  48,  50).  Recently,  nonmuscle  myosin  type  II 
(NM-II)  heavy  chain  A  and  C  have  been  identified  as  self¬ 
targets  of  natural  IgM  and  IR  injury  in  both  the  small  intestine 
and  in  the  skeletal  muscle  of  mice  (49).  Thus  it  has  been 
suggested  that  neoantigens  or  modified  epitopes  presented  on 
the  cell  surface  in  ischemic  tissues  may  trigger  complement 
activation  via  natural  IgM  deposition  (49).  However,  the  mech¬ 
anisms  that  lead  to  the  exposure  of  these  neoantigens  need 
further  investigation. 

The  actin  cytoskeleton  is  known  to  play  a  crucial  role  in 
maintaining  the  functional  and  structural  integrity  of  cells  (21). 
The  three-dimensional  network  of  the  actin  cytoskeleton  inter¬ 
acts  with  selected  plasmalemmal  proteins  and  ATP  depletion 
or  ischemia  disrupt  the  actin  cytoskeleton  in  vascular  smooth 
muscle  cells,  endothelial  cells,  as  well  as  epithelial  cells  (21- 
23,  32,  40).  Multiple  cleavage  of  actin  protein  has  been 
observed  in  apoptotic  cells  (19,  28),  and  one  of  these  cleaved 
fragments  leads  to  apoptosis-like  morphological  changes  in 
cultured  cells  (29). 

We  hypothesized  that  alteration  of  the  actin  cytoskeleton 
mediated  by  ischemia  is  one  of  the  major  initial  events  that 
result  in  the  deposition  of  natural  IgM,  activation  of  comple¬ 
ment,  and  further  tissue  injury.  In  this  paper  we  establish  a 
definite  link  between  ischemia-mediated  alteration  of  the  actin 
cytoskeleton  and  the  deposition  of  natural  IgM,  the  activation 
of  complement,  and  IR  injury.  We  show  in  a  murine  intestinal 
IR  injury  model  that  ischemia  induces  aggregation  of  the  actin 
cytoskeleton  in  columnar  epithelial  cells  in  small  intestinal  villi 
after  a  period  of  transient  disruption.  We  also  show  that  ische¬ 
mia-mediated  aggregation  of  actin  filaments  and  deposition  of 
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IgM  and  C3/C3d  fragment  are  diminished  by  an  optimal  dose 
of  cytochalasin  D.  In  addition,  low  doses  of  cytochalasin  D 
attenuate  IR  injury  in  a  dose-dependent  manner  whereas  high 
doses  do  not  worsen  the  injury.  Taken  together,  these  data 
reveal  that  ischemia-mediated  aggregation  of  the  actin  cy- 
toskeleton  plays  a  crucial  role  in  mediating  the  deposition  of 
IgM  and  C3,  as  well  as  IR  injury. 

MATERIALS  AND  METHODS 

Materials.  Cytochalasin  D  was  purchased  from  Sigma- Aldrich  (St. 
Louis,  MO).  Hoechst  33342,  Alexa  Fluor  546-labeled  phalloidin,  and 
Alexa  Fluor  488-labeled  DNase  I  were  bought  from  Invitrogen  (Carls¬ 
bad,  CA).  Micro  vascular  clips  were  obtained  from  Biomedical  Re¬ 
search  Instruments  (Silver  Spring  MD).  FITC-anti-mouse  IgM  and  C3 
antibodies  were  purchased  from  Immunology  Consultant  Laboratory 
(Newberg,  OR).  Goat  anti-mouse  C3d  was  purchased  from  R  &  D 
Systems  (Minneapolis,  MN).  Mouse  anti-p-actin  NH2-terminus  anti¬ 
body  was  bought  from  Abeam  (Cambridge,  MA),  and  mouse  anti-P- 
actin  COOH-terminus  antibody  was  obtained  from  Santa  Cruz  Bio¬ 
technology  (Santa  Cruz,  CA). 

Animal  model  of  murine  intestinal  IR.  All  mice  used  in  this  study 
were  maintained  in  specific  pathogen-free  conditions  in  the  animal 
research  facility  at  the  Beth  Israel  Deaconess  Medical  Center 
(BIDMC).  All  experiments  were  performed  in  accordance  with  the 
guidelines  and  approval  of  the  Institutional  Animal  Care  and  Use 
Committee  of  the  BIDMC.  Male  C57BL/6  mice  aged  8  to  10  wk  were 
purchased  from  Jackson  Laboratory  (Bar  Harbor,  ME)  and  acclimated 
for  1  wk.  Mice  were  anesthetized  by  intraperitoneal  injection  of  a 
combination  of  ketamine-xylazine-acepromazine  (100:20:3  mg/kg) 
(1)  and  subjected  to  IR  as  described  previously  (14)  with  some 
modifications  that  included  ischemia  for  20  to  30  min  and  reperfusion 
for  10  min  to  2  h.  At  various  times  after  ischemia  and  reperfusion, 
mice  were  euthanized  and  tissues  were  harvested.  Sham  mice  were 
subjected  to  an  identical  surgical  protocol  aside  from  artery  clamping. 
In  inhibition  experiments,  food,  but  not  water,  was  withdrawn  for  24  h 
before  anesthesia.  All  procedures  were  performed  while  maintaining 
mouse  body  temperature  at  37°C  using  a  controlled  heating  pad.  Mice 
subjected  to  inhibition  experiments  underwent  small  intestine  intralu¬ 
minal  injection  0.5-1. 0  ml  of  cytochalasin  D  dissolved  in  dimethyl 
sulfoxide  (DMSO)-PBS  immediately  after  arterial  clamping.  Vehicle- 
treated  mice  were  given  an  equal  volume  of  DMSO. 

Histology.  About  15  cm  of  jejunal  segment  was  rinsed  and  fixed 
immediately  with  cold  10%  phosphate-buffered  formalin.  The  tissues 
were  then  embedded  in  paraffin,  sectioned  transversely  (5  p.m),  and 
stained  with  hematoxylin  and  eosin  (H  &  E).  Villus  damage  was 
scored  according  to  the  severity  of  injury.  The  complete  destruction  of 
the  villus  was  scored  “6”  and  no  injury  in  the  villus  was  scored  “0” 
(14).  The  scores  of  injury  were  calculated  by  the  following  equation: 
injury  score  =  2(score  X  Ni)IN.  Ni  represents  the  number  of  villi  with 
the  same  injury  score.  N  represents  the  total  number  of  villi  counted 
(250  villi). 

Proteomic  analysis.  Jejunal  segments  obtained  from  mice  (n  = 
3/group)  subjected  to  sham,  30-min  ischemia,  and  30-min  ischemia-2 
h  reperfusion  were  harvested  and  sent  on  dry  ice  directly  for  two- 
dimensional  difference  gel  electrophoresis  (2-DIGE)  and  mass  spec¬ 
trometry  analysis  provided  by  Applied  Biomics  (Hayward,  CA). 

Western  blot  assay.  Jejunal  segments  from  individual  mice  sub¬ 
jected  to  various  durations  of  ischemia  and  reperfusion  were  homog¬ 
enized  in  buffer  (10  mM  HEPES,  pH  7.9,  1.5  mM  MgCU,  10  mM 
KCl,  and  1  mM  DTT)  with  complete  protease  inhibitor  cocktail 
(Roche,  Mannheim,  Germany).  Concentrations  of  protein  extracts 
were  determined  using  Micro  BCA  protein  assay  kit  (Pierce,  Rock¬ 
ford,  IL).  Protein  extracts  were  processed  under  reducing  conditions 
and  subjected  to  standard  Western  blot  analysis.  Blots  were  developed 
with  mouse  anti-(3-actin  antibodies  (NH2  terminus  and  COOH  termi¬ 


nus)  and  horseradish  peroxidase-conjugated  secondary  antibodies  and 
images  were  captured  using  a  Eujifilm  LAS-40000  luminescent  image 
analyzer  (Eujifilm,  Valhalla,  NY). 

Confocal  microscopy.  Jejunal  segments  were  rinsed  with  cold  PBS 
and  snap  frozen  in  frozen  tissue  embedding  media.  The  tissues  were 
sectioned  transversely  (6  p-M),  fixed  with  10%  phosphate-buffered 
formalin  for  10  min,  and  permeabilized  with  0.1%  Triton  X-IOO-PBS 
for  another  10  min.  Sections  were  blocked  with  1%  BSA-PBS  at  room 
temperature  for  1  h  and  then  incubated  with  fiuorochrome-labeled 
primary  or  secondary  antibodies  at  room  temperature  for  1  h.  After 
being  washed  and  mounted  on  slides,  sections  were  analyzed  by 
confocal  microscopy  (Nikon  Eclipse  Ti,  Nikon  Instruments, 
Melville,  NY). 

To  evaluate  the  ratio  of  global  to  filamentous  (G/E)-actin  using 
quantitative  fiuorescence  image  analysis  (35),  tissue  sections  were 
stained  with  fiuorochrome-labeled  DNase  I  and  phalloidin,  which  bind 
to  global  actin  and  filamentous  actin,  respectively  (24).  Eluorescence 
from  the  columnar  epithelial  cells  of  small  intestinal  villi  was  obtained 
by  confocal  microscopy  under  identical  conditions.  Intensity  of  fiuo¬ 
rescence  was  analyzed  by  Nikon  EZ-Cl  EreeViewer  3_20_615  Gold 
(Nikon  Instruments,  Melville,  NY).  The  ratio  of  G/E-actin  was  cal¬ 
culated  by  dividing  DNase  I  fiuorescent  intensity  by  phalloidin  fiuo- 
rescent  intensity.  Increased  ratios  of  G/E-actin  refiect  disruption  of 
actin  filaments,  and  decreased  ratios  of  G/E-actin  indicate  aggregation 
of  actin  filaments. 

Statistical  analysis.  Data  are  expressed  as  means  ±  SD.  Differ¬ 
ences  between  groups  were  evaluated  by  Student’s  Ftest.  P  <  0.05 
was  considered  statistically  significant.  A  two-tailed  distribution  and 
paired  Ftest  were  used  to  evaluate  the  differences  in  the  ratios  of 
G/E-actin.  A  two-tailed  distribution  and  unpaired  Ftest  were  em¬ 
ployed  for  the  differences  in  injury  scores. 

RESULTS 

Ischemia  induces  cleavage  of  jS-actin  protein.  On  the  basis 
of  a  previous  study  showing  that  a  15-kDa  fragment  of  actin 
leads  to  morphological  changes  of  cells  undergoing  apoptosis 
(29)  and  our  interest  to  find  potentially  cleaved  proteins  in  the 
small  intestine,  we  conducted  experiments  to  compare  the 
differential  expression  of  proteins  in  sham-,  ischemia-,  or 
IR-treated  small  intestine.  The  superior  mesenteric  artery 
(SMA)  was  clamped  with  a  microvascular  clip  to  generate 
ischemia  in  the  jejunum  for  30  min  followed  by  reperfusion 
2  h.  Jejunal  segments  harvested  without  clip  clamping  were 
designated  as  sham  samples,  before  clip  removal  as  ischemia 
samples,  and  after  reperfusion  as  IR  samples.  Jejunal  segments 
were  processed  and  subjected  to  2-DIGE.  One  spot  with  a 
molecular  weight  of  30  kDa  identified  in  the  ischemia  samples 
(Fig.  1,  A  and  B)  was  isolated  and  sequenced.  The  abundance 
of  this  protein  was  increased  11.43-fold  after  ischemia  and 
0.78-fold  after  IR  compared  with  sham  samples.  The  MAS¬ 
COT  search  engine  analysis  identified  this  protein  to  be  (3-ac- 
tin. 

Mouse  anti-(3-actin  COOH-terminus  antibody  identified  a 
band  of  40  kDa  in  the  ischemia  (Fig.  1C,  lanes  2  and  3)  and  IR 
samples  (Fig.  1C,  lanes  4  and  5)  but  not  from  sham  samples 
(Fig.  1C,  lane  7),  indicating  that  (3-actin  protein  (42  kDa)  was 
cleaved  during  ischemia  and  reperfusion.  A  faint  30-kDa  band 
in  20-min  ischemia  samples  (Fig.  ID,  lane  2)  and  a  strong  band 
in  30-min  ischemia  sample  were  also  visualized  in  Western 
blot  (Fig.  ID,  lane  3).  This  band  was  also  seen  in  10-min 
reperfusion  samples  (Fig.  ID,  lane  4).  However,  it  disappeared 
in  2-h  reperfusion  samples  (Fig.  ID,  lane  5).  These  results  are 
consistent  with  the  2-DIGE  results  above,  indicating  that  ische- 
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mia  induces  cleavage  of  p-actin  and  the  cleaved  fragment  is 
destroyed  by  reperfusion. 

Mouse  anti-p-actin  NH2-terminus  antibody  failed  to  identify 
this  30-kDa  band  (data  not  shown),  indicating  that  the  cleaved 
fragment  represents  the  COOH  terminus  of  p-actin.  In  this 
experiment,  25-kDa  bands  of  the  Ig  light  chain  were  consid¬ 
ered  as  loading  controls  since  the  primary  antibody  used  in  the 
Western  blot  assay  was  a  mouse  immunoglobulin  (Fig.  ID). 


1  2  3  4  5 

42kDa  '  ^  /y 

1  2  3  4  5 

25  kDa 


Ischemia  with  or  without  reperfusion  results  in  alteration  of 
the  actin  cytoskeleton.  Disruption  of  the  actin  cytoskeleton 
induced  by  ATP  depletion  or  ischemia  have  been  reported  in 
various  cell  types  (21-23,  32).  However,  it  has  also  been 
demonstrated  that  the  actin  cytoskeleton  polymerizes  at  2  h  and 
then  depolymerizes  in  a  camptothecin-induced  apoptotic 
model  in  HL-60  cells  (35).  In  addition,  P-actin  is  cleaved  to 
yield  40-  and  30-kDa  bands  during  ischemia  in  our  intestinal 
IR  model  (Fig.  1).  Therefore,  it  is  possible  that  ischemia  may 
alter  the  actin  cytoskeletal  network  in  tissues.  We  conducted 
experiments  focusing  on  the  alteration  of  the  actin  cytoskeleton 
to  address  this  hypothesis.  The  SMA  was  clamped  with  a 
microvascular  clip  to  generate  jejunal  ischemia  for  20  or  30 
min  and  reperfused  for  10  min  or  2  h.  Jejunal  segments  were 
processed  and  then  stained  with  fluorochrome-labeled  phalloi- 
din  and  DNase  I,  Hoechst  33342  or  H  &  E. 

H  &  E  staining  revealed  that  30-min  ischemia  caused  minor 
injury  in  small  intestinal  villi  (injury  score:  1.54  ±  0.58,  n  = 
5;  P  =  0.003)  whereas  2-h  reperfusion  following  30-min 
ischemia  resulted  in  severe  injury  (injury  score:  4.18  ±  0.44, 
n  =  P  <  0.0001)  compared  with  sham  segments  (injury 
score:  0.18  ±  0.07,  n  =  4). 

Confocal  microscopic  images  showed  that  phalloidin  stain¬ 
ing  of  the  actin  cytoskeleton  in  the  columnar  epithelial  cells  of 
the  vihi  is  hghter  and  less  dense  after  20-min  ischemia  (Fig.  2B) 
whereas  staining  becomes  brighter  and  more  dense  in  30-min 
ischemia  tissues  (Fig.  2C)  compared  with  sham-treated  tissues 
(Fig.  2A).  This  indicates  that  ischemia  results  in  an  initial 
disruption  of  the  actin  cytoskeleton,  followed  by  aggregation. 
This  was  confirmed  by  a  quantitative  analysis  of  G/F-actin;  the 
ratio  of  G/F-actin  was  2.08  ±  1.34  (n  =  6,  Fig.  3)  in  the 
columnar  epithelial  cells  from  sham  mice,  which  significantly 
increased  to  4.93  ±  3.62  (n  =  6,  P  =  0.038,  Fig.  3)  after 
20-min  ischemia.  However,  after  30-min  ischemia  the  ratio  of 
G/F-actin  was  significantly  decreased  to  2.54  ±  2.52  (n  =  6, 
P  =  0.007,  Fig.  3)  consistent  with  the  observation  above  that 
the  actin  cytoskeleton  aggregates  after  30-min  ischemia  (Fig. 
2C).  These  results  indicate  that  ischemia  results  in  aggregation 
of  actin  filaments  after  an  initial  transient  disruption.  However, 
the  actin  cytoskeleton  was  disrupted  again  when  the  small 
intestine  was  reperfused  for  10  min  (Fig.  2D)  and  was  de¬ 
stroyed  completely  after  reperfusion  for  2  h  (Fig.  2E).  The 
disruption  induced  by  reperfusion  was  also  demonstrated  by  an 
increase  in  the  ratio  of  G/F-actin  to  4.79  ±  4.58  (n  =  6)  or 
4.87  ±  2.69  {n  =  6)  after  10  min  or  2  h  reperfusion,  respec¬ 
tively.  These  results  indicate  that  the  restoration  of  blood 
supply  damages  the  actin  cytoskeleton. 


Fig.  1.  Ischemia  induces  multiple  cleavages  of  P-actin.  Jejunal  segments  were 
harvested  and  homogenized  in  buffer.  Proteins,  pooled  from  3  mice  per  group, 
were  labeled  with  various  CyDyes  and  subjected  to  2-dimensional  difference 
gel  electrophoresis  (2-DIGE).  A:  sham- treated  sample  was  labeled  in  red; 
30-min  ischemia  sample  was  labeled  in  green.  B\  30-min  ischemia  sample  was 
labeled  in  red;  2-h  reperfusion  sample  was  labeled  in  green.  Arrows  indicate 
the  dots  that  were  sequenced.  In  separate  experiments,  proteins  were  subjected 
to  standard  Western  blot.  Blots  were  developed  with  mouse  anti-P-actin 
antibodies  and  horseradish  peroxidase-conjugated  anti-mouse  antibody.  Lane 
1,  sham;  lane  2,  20-min  ischemia;  lane  3,  30-min  ischemia;  lane  4,  30-min 
ischemia/ 10-min  reperfusion;  lane  5,  30-min  ischemia/2  h  reperfusion  in  C  and 
D.  Arrows  indicate  40-kDa  protein  in  C  and  30-kDa  protein  in  D.  Western  blot 
images  represent  3  independent  experiments. 
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Fig.  2.  Ischemia  induces  disruption  and  aggregation  of  the  actin  cytoskeleton.  Jejunal  segments  were  processed  and  then  stained  with  fluorochrome-labeled 
phalloidin  (red)  and  Hoechst  33342  (blue).  A:  sham.  B  and  F:  20-min  ischemia.  C  and  G:  30-min  ischemia.  D  and  H:  30-min  ischemia/lO-min  reperfusion.  E 
and  7:  30-min  ischemia/2  h  reperfusion.  Images  represent  more  than  3  independent  experiments. 


Ischemia  with  or  without  reperfusion  induces  natural  IgM 
and  C3  deposition.  To  investigate  whether  ischemia  with  or 
without  reperfusion  results  in  natural  IgM  and  C3  deposition, 
we  evaluated  this  deposition  in  small  intestinal  villi  from  mice 
subjected  to  various  durations  of  ischemia  with  or  without 
reperfusion  by  confocal  microscopy.  Jejunal  segments  were 
processed  as  described  above  and  stained  with  FITC-anti-IgM 
or  anti-C3  antibodies,  or  anti-C3d  antibody/FITC- secondary 
antibody,  Alexa  Fluor  546-phalloidin,  and  Hoechst  33342. 
Confocal  microscopy  showed  IgM  deposits  on  the  membranes 
of  villus  epithelial  cells,  which  are  in  close  proximity  to  blood 
vessels  and  also  on  the  microvilli  of  the  columnar  epithelial 
cells  from  mice  subjected  to  10  min  (Fig.  AD)  or  2  h  reperfu¬ 
sion  (Fig.  AE).  IgM  deposits  were  clearly  visualized  (Fig.  4C) 
in  30-min  ischemia  samples  although  minor  IgM  deposits  were 
observed  on  cores  of  the  villi  in  20-min  ischemia  samples  (Fig. 
AB),  indicating  that  ischemia  efficiently  induces  deposition  of 
natural  IgM.  The  IgM  deposits  on  the  villi  from  mice  subjected 
to  30-  or  10-min  IR  confirmed  that  the  deposition  of  IgM  in 
ischemic  tissues  is  due  to  specific  binding  of  IgM  to  the  tissues. 


Fig.  3.  Kinetic  analysis  of  the  ratio  of  G-  to  F-actin  ratio  (G/F-actin)  columnar 
epithelial  cells  of  small  intestinal  villi  during  ischemia  (I)  and  reperfusion  (R). 
■,  Vehicle-treated  samples;  □,  cytochalasin  D-treated  samples.  Ischemia  re¬ 
sults  in  aggregation  of  actin  filaments  after  an  initial  transient  disruption. 
However,  the  actin  cytoskeleton  was  disrupted  again  when  the  small 
intestine  was  reperfused  for  10  min  and  was  destroyed  completely  after 
reperfusion  for  2  h. 


In  contrast,  IgM  deposits  were  only  detected  in  blood  vessels 
of  sham  samples  (Fig.  4A). 

Both  C3  and  C3d  deposits  were  observed  on  the  microvilli 
of  the  columnar  epithelial  cells  from  mice  subjected  to  30-min 
or  2-h  IR  (Fig.  4,  J  and  O).  Both  C3  and  C3d  deposits  were  also 
visualized  on  the  villi  from  mice  subjected  to  30-  or  10-min  IR 
(Fig.  4, 1  and  N).  Deposits  of  C3  and  C3d  were  clearly  detected 
in  tissues  from  mice  subjected  to  30-min  ischemia  (Fig.  4,  H 
and  M)  but  barely  from  those  subjected  to  20-min  ischemia 
(Fig.  4,  G  and  L).  This  indicates  that  ischemia  results  in 
deposition  of  C3  and  more  specifically  C3d.  These  results 
reveal  that  not  only  reperfusion  but  also  ischemia  without 
reperfusion  activates  complement  in  the  small  intestine. 

Ischemia-mediated  aggregation  of  the  actin  cytoskeleton 
results  in  IR-mediated  injury.  We  next  hypothesized  that  ische¬ 
mia-mediated  alteration  of  the  actin  cytoskeleton  eventually 
leads  to  IR  tissue  injury.  Therefore,  we  used  cytochalasin  D,  a 
reagent  that  disrupts  and  blocks  polymerization  of  actin  fila¬ 
ments  (37),  to  alter  the  actin  cytoskeletal  network  in  small 
intestinal  villi  to  test  this  hypothesis.  Mice  were  treated  as 
described  above.  Various  doses  of  cytochalasin  D  in  DMSO- 
PBS  (<0.1%  in  vol/vol)  were  injected  into  the  small  intestinal 
lumen  immediately  after  the  clip  was  applied  to  the  SMA. 
After  30-min  or  2-h  IR,  jejunal  segments  were  processed  and 
stained  with  H  &  E.  Results  of  the  cytochalasin  D  dose- 
response  study  showed  that  1  piM  of  cytochalasin  D  effectively 
inhibited  small  intestinal  injury  (injury  score:  1.38  ±  0.55,  n  = 
12,  P  <  0.0001,  Fig.  5),  compared  with  the  injury  score  in 
tissues  from  vehicle-treated  mice  (3.83  ±  0.97,  ^  =  16,  Fig.  5). 
This  inhibition  was  dose  dependent  when  doses  of  cytochalasin 
D  used  were  less  than  1  piM.  This  indicates  that  cytochalasin  D 
dose-dependent  alteration  of  the  actin  cytoskeleton  protects 
mice  from  the  small  intestinal  injury.  Although  cytochalasin  D 
lost  its  inhibitory  effect  with  gradually  increased  doses  (Fig.  5), 
higher  doses  (30  and  100  piM)  of  cytochalasin  D  did  not  induce 
additional  injury  than  that  from  vehicle- treated  mice  (F  =  0.75 
and  P  =  0.86,  respectively).  This  indicates  that  cytochalasin 
D-induced  disruption  of  the  actin  cytoskeleton  does  not  con¬ 
tribute  to  the  injury.  All  experimental  mice  died  after  200  p.M 
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Fig.  4.  Ischemia  results  in  deposition  of  natural  IgM  and  C3/C3d.  Jejunal  segments  were  stained  with  fluorochrome-labeled  phalloidin  (red),  anti-C3  (green), 
anti-C3d  (green),  and  Hoechst  33342  (blue).  A,  F,  K:  sham.  B,  G,  L:  20-min  ischemia.  C,  H,  M:  30-min  ischemia.  D,  /,  N:  30-min  ischemia/ 10-min  reperfusion. 
E,  J,  O:  30-min  ischemia/2  h  reperfusion.  Images  represent  3  independent  experiments. 


of  cytochalasin  D  was  injected  whereas  sham-treated  mice  died 
within  several  minutes  after  1  |jlM  of  cytochalasin  D  was 
injected  so  that  we  were  unable  to  obtain  results  from  cytocha¬ 
lasin  D-treated  sham  samples.  These  findings  suggest  that 
aggregation  of  actin  filaments  ultimately  leads  to  IR  tissue 
injury. 

Optimal  concentration  of  cytochalasin  D  attenuates  the  alter¬ 
ation  of  the  actin  cytoskeleton.  To  further  investigate  how  cy¬ 
tochalasin  D  alters  the  actin  cytoskeleton,  we  observed  the 


5.0 
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Fig.  5.  Cytochalasin  D  attenuates  tissue  injury  in  a  dose-dependent  manner. 
Jejunal  segments  from  mice  undergo  ischemia-reperfusion  and  injection  of 
various  doses  of  cytochalasin  D  were  processed  and  stained  with  hematoxylin 
and  eosin.  The  inhibition  of  tissue  injury  indicates  that  cytochalasin  D 
dose-dependent  alteration  of  the  actin  cytoskeleton  protects  mice  from  the 
small  intestinal  injury.  That  higher  doses  of  cytochalasin  D  did  not  induce 
additional  injury  than  that  from  vehicle-treated  mice  indicates  that  cytochalasin 
D-induced  disruption  of  the  actin  cytoskeleton  does  not  contribute  to  the 
injury. 


effects  of  cytochalasin  D  on  IR-induced  morphological 
changes  of  the  actin  cytoskeleton.  Mice  were  treated  with  1 
[xM  of  cytochalasin  D  or  vehicle  and  subjected  to  various 
durations  of  ischemia  and  reperfusion.  Frozen  sections  of 
jejunal  segments  were  stained  with  fluorochrome-labeled  phal¬ 
loidin  and  DNase  I,  as  well  as  Hoechst  33342.  Confocal 
microscopic  results  showed  that  the  brightness,  thickness,  and 
integrity  of  the  actin  cytoskeleton  in  the  villus  columnar 
epithelial  cells  from  mice  subjected  to  20-min  ischemia  (Fig. 
2F)  were  comparable  to  those  from  sham-treated  mice  without 
cytochalasin  D  treatment  (Fig.  2A)  and  were  brighter,  more 
dense  than  those  in  samples  from  20-min  ischemia-treated 
mice  treated  with  vehicle  (Fig.  2B).  These  data  indicated  that 
the  optimal  dose  of  cytochalasin  D  blocks  the  disruption  of  the 
actin  cytoskeleton.  In  samples  from  30-min  ischemia-treated 
mice  treated  with  cytochalasin  D  (Fig.  2G)  or  vehicle  (Fig.  2C) 
the  integrity  of  the  actin  cytoskeleton  was  comparable,  indi¬ 
cating  that  the  actin  cytoskeleton  does  not  undergo  aggrega¬ 
tion.  The  actin  cytoskeleton  network  is  highly  organized  in  the 
columnar  epithelial  cells  from  mice  subjected  to  lO-min  or  2-h 
reperfusion  (Fig.  2,  H  and  7),  compared  with  those  from 
vehicle-treated  mice  subjected  to  10  min  or  2  h  of  reperfusion 
(Fig.  2D  and  E).  These  images  demonstrate  that  cytochalasin  D 
blocks  reperfusion-mediated  damage  of  the  actin  cytoskeleton. 

The  findings  above  are  supported  by  changes  in  the  ratio  of 
G/F-actin.  The  ratio  of  G/F-actin  in  the  columnar  epithelial 
cells  of  small  intestinal  villi  from  mice  subjected  to  20-min 
ischemia  (2.19  ±  1.24,  n  =  6,  P  =  0.89)  was  comparable  to 
that  from  sham  mice  without  cytochalasin  D  treatment  (2.08  ± 
1.34,  n  =  6,  Fig.  3)  and  was  significantly  lower  than  that  from 
vehicle-treated  mice  subjected  to  20-min  ischemia  (4.93  ± 
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3.62,  n  =  6,  P  =  0.04,  Fig.  3),  consistent  with  the  observation 
above  (Fig.  2F)  indicating  that  1  |jlM  of  cytochalasin  D 
attenuates  the  disruption  of  the  actin  cytoskeleton.  The  ratio  of 
G/F-actin  from  mice  subjected  to  30-min  ischemia  increased, 
rather  than  decreased,  slightly  to  2.60  ±  2.40  (n  =  6,P  =  0.54, 
Fig.  3),  compared  with  those  from  mice  subjected  to  20-min 
ischemia.  This  result  also  agrees  with  the  observation  above  in 
which  cytochalasin  D  blocks  the  aggregation  of  actin  filaments 
(Fig.  2G).  This  may  also  mean  that  the  aggregation  of  actin 
filaments  may  be  a  result  of  the  initial  disruption  and  actin 
filaments  may  be  unable  to  aggregate  owing  to  the  blockade  of 
the  disruption  by  cytochalasin  D  as  in  tissues  from  vehicle- 
treated  mice.  Thus  it  can  be  concluded  that  the  disruption  of  the 
actin  cytoskeleton  initiates  the  aggregation.  The  ratios  of  G/F- 
actin  increased  significantly  (n  =  6,  P  =  0.02,  Fig.  3)  and  went 
down  to  initial  levels  (n  =  6,  P  =  0.64,  Fig.  3)  after  10  min  or 
2  h  of  reperfusion,  respectively,  compared  with  that  from  mice 
subjected  to  20-min  ischemia  (Fig.  3).  The  ratios  were  much 
lower  than  those  from  vehicle- treated  mice  subjected  to  10-min 
or  2-h  reperfusion,  respectively  (Fig.  3),  supporting  the  con¬ 
clusion  above  that  cytochalasin  D  protects  the  actin  cytoskel¬ 
eton  from  reperfusion-mediated  disruption  (Fig.  2,  H  and  7). 
These  data  strongly  support  the  hypothesis  that  cytochalasin  D 
alters  ischemia  and  reperfusion-mediated  disruption  and  aggre¬ 
gation  of  the  actin  cytoskeleton. 


Ischemia-mediated  aggregation  of  the  actin  cytoskeleton 
leads  to  deposition  of  IgM  and  C3.  Ischemia-mediated  depo¬ 
sition  of  natural  IgM  and  C3  in  small  intestinal  villi  has  been 
shown  here  and  by  others  (48),  and  ischemia-mediated  aggre¬ 
gation  of  the  actin  cytoskeleton  is  demonstrated  above.  On  this 
basis,  we  hypothesized  that  ischemia-mediated  aggregation  of 
the  actin  cytoskeleton  directly  results  in  the  deposition  of 
natural  IgM  and  C3.  To  test  this  hypothesis,  we  determined 
whether  cytochalasin  D  can  attenuate  ischemia-mediated  dep¬ 
osition  of  IgM  and  C3/C3d.  Mice  treated  with  1  p.M  of 
cytochalasin  D  or  vehicle  were  subjected  to  various  durations 
of  ischemia  and  reperfusion.  Frozen  sections  of  jejunal  seg¬ 
ments  were  stained  for  IgM  and  C3/C3d  plus  phalloidin  and 
Hoechst  33342.  Confocal  images  demonstrate  decreased  dep¬ 
osition  of  IgM  and  C3/C3d  on  the  villi  from  cytochalasin 
D-treated  mice  subjected  to  various  durations  of  ischemia 
and  reperfusion  (Fig.  6)  compared  with  the  villi  from  vehi¬ 
cle-treated  mice  (Fig.  4).  However,  cytochalasin  D  does  not 
interfere  with  the  natural  deposition  of  IgM  or  C3/C3d  in 
blood  vessels  (Fig.  6).  These  results  clearly  indicate  that  the 
optimal  concentration  of  cytochalasin  D  attenuates  the  dep¬ 
osition  of  IgM  and  C3,  and  this  strongly  supports  the 
hypothesis  that  ischemia-mediated  aggregation  of  the  actin 
cytoskeleton  directly  leads  to  the  deposition  of  natural  IgM 
and  C3. 


Fig.  6.  Cytochalasin  D  blocks  deposition  of  natural  IgM  and  C3/C3d.  Jejunal  segments  from  mice  subjected  to  ischemia-reperfusion  and  injection  of  optimal 
dose  of  cytochalasin  D  were  stained  with  fluorochrome  labeled-phalloidin  (red),  anti-C3  (green),  anti-C3d  (green),  and  Hoechst  33342  (blue).  A,  E,  7:  20-min 
ischemia.  B,  F,  J:  30-min  ischemia.  C,  G,  K:  30-min  ischemia/ 10-min  reperfusion.  D,  H,  L:  30-min  ischemia/2  h  reperfusion.  Images  represent  3  independent 
experiments. 
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DISCUSSION 

In  the  present  study,  we  investigated  the  alteration  of  the 
actin  cytoskeleton  during  ischemia  with  or  without  reperfusion. 
We  demonstrated  that  ischemia  results  in  multiple  cleavages  of 
p-actin  (Fig.  1)  and  aggregation  of  the  actin  cytoskeleton  after 
a  transient  disruption  (Figs.  2  and  3).  The  aggregation  of  the 
actin  cytoskeleton  mediated  by  ischemia  induces  deposition  of 
natural  IgM  and  C3  (Fig.  4).  Furthermore,  cytochalasin  D 
attenuates  the  aggregation  of  the  actin  cytoskeleton  (Fig.  2),  the 
subsequent  deposition  of  natural  IgM  and  C3  (Fig.  6),  as  well 
as  IR  injury  (Fig.  5). 

It  has  been  reported  that  the  actin  protein  is  cleaved  by 
interleukin- ip  converting  enzyme  (ICE)  family  proteases, 
which  are  active  players  of  programmed  cell  death  (apoptosis) 
(30),  to  produce  three  major  peptides  (40-41,  30-31,  and 
14-15  kDa)  in  vitro  and  in  cultured  apoptotic  cells  (19,  28). 
We  demonstrated,  in  vivo,  employing  2-DIGE  and  Western 
blot  analysis  in  this  report,  that  ischemia-mediated  cleavage  of 
p-actin  in  mouse  small  intestine  yields  bands  with  molecular 
weights  of  —30  and  40  kDa  (Fig.  1).  Our  results  reveal  that 
ischemia-mediated  cleavage  of  p-actin  occurs,  in  vivo,  in 
tissues. 

Ischemia-mediated  disruption  of  vascular  smooth  muscle 
cells  and  epithelial  cells  in  the  kidney  has  been  reported  (21, 
23).  However,  ATP  depletion  induced  by  antimycin  A  in  the 
proximal  tubule-derived  LLC-PKl  cell  line  results  in  disrup¬ 
tion  of  the  cortical  cytoskeleton,  and  at  same  time  actin 
monomers  significantly  convert  into  filamentous  actin  to  form 
large  cytoplasmic  aggregates  (32).  Furthermore,  energy  deple¬ 
tion  leads  to  disintegration  of  filamentous  actin  and  formation 
of  numerous  small  clumps  of  filamentous  actin  in  the  cyto¬ 
plasm  of  cultured  aortic  endothelial  cells  (22).  Using  an  intes¬ 
tinal  IR  injury  model  in  which  small  intestinal  villi  are  vulner¬ 
able  to  IR  insult,  we  demonstrated  in  vivo  by  phalloidin 
staining  that  the  actin  cytoskeleton  in  the  columnar  epithelial 
cells  of  the  small  intestinal  villi  is  disrupted  initially  and  then 
aggregates  during  a  short  term  of  ischemia  (Fig.  2).  We  also 
demonstrated  this  result  quantitatively  by  calculating  ratios  of 
G/F-actin  (Fig.  3).  We  were  unable  to  measure  concentrations 
of  global  actin  and  filamentous  actin  using  the  assay  of  DNase 
I  inhibition  described  previously  (5)  because  of  very  high 
endogenous  DNase  I  activity  in  intestinal  samples,  which  may 
come  from  the  pancreas.  Our  finding  of  the  initial  disruption  of 
the  actin  cytoskeleton  is  supported  by  observations  that  high 
cytosolic  Ca^"^  concentrations,  which  increase  rapidly  after 
2-min  exposure  to  a  metabolic  inhibitor,  result  in  depolymer¬ 
ization  of  the  actin  cytoskeleton  (22).  Thus  it  is  possible  that 
during  early  ischemia  in  our  study  a  rapid  increase  in  free 
cytosolic  Ca^"^  results  in  the  disruption  of  filamentous  actin. 
Free  Ca^“^  also  helps  villin,  one  of  the  major  actin- associated 
proteins  (11),  to  break  or  sever  filamentous  actin  (16).  The 
cleavage  of  actin  fragments  by  ICE  family  proteases  demon¬ 
strate  impaired  capability  to  block  DNase  I  activity  and  to 
polymerize  normally  (19).  Ectopic  expression  of  a  15-kDa 
fragment  of  actin,  which  is  cleaved  from  actin  filaments  by  ICE 
family  proteases  during  apoptosis,  induces  morphological 
changes,  very  similar  to  those  of  apoptotic  cells  (29).  Although 
we  were  unable  to  visualize  the  15-kDa  fragment  of  actin  by 
Western  blot  analysis,  the  accumulation  of  these  fragments 
may  contribute  to  the  later  aggregation  of  actin  filaments. 


These  data  support  our  observation  of  actin  cytoskeletal  aggre¬ 
gation  in  the  small  intestine.  Ischemia-induced  consumption  of 
ATP  in  the  epithelial  cells  may  lead  to  the  aggregation  too  (22, 
32,  35). 

Several  studies  have  shown  that  IR  results  in  the  deposition 
of  natural  IgM  and  IgG,  the  activation  of  complement  (3,  9,  12, 
17,  18,  27,  36,  44,  45,  48,  51),  and  the  subsequent  formation  of 
the  membrane  attack  complex  that  results  in  tissue  necrosis  (2, 
36,  51).  It  was  suggested  that  natural  IgM  against  NM-II 
directly  causes  tissue  injury  after  IR  and  a  peptide  mimicking 
an  epitope  on  NM-II  blocks  complement  activation  and  pre¬ 
vents  tissue  injury  (49,  50).  These  studies  clearly  indicate  that 
the  deposition  of  natural  IgM  and  the  activation  of  complement 
during  IR  is  due  to  a  turnover  of  antigens  on  cell  membranes, 
which  are  not  exposed  to  the  innate  innnune  system  under 
physiological  conditions  (49).  Our  observations  in  this  report 
support  these  findings.  We  also  observed  that  actin  filaments 
aggregate  after  a  transient  disruption.  So  we  hypothesized  that 
the  alteration  of  the  actin  cytoskeleton  results  in  the  deposition 
of  natural  IgM  and  complement.  We  used  cytochalasin  D,  a 
fungal  metabolite  that  binds  to  the  barbed  end  of  actin  fila¬ 
ments  (37),  to  test  this  hypothesis.  The  fact  that  cytochalasin  D 
does  not  inhibit  glucose  transport  (34)  makes  it  acceptable  for 
our  ischemia-mediated  actin  cytoskeletal  alteration  study.  It 
has  been  reported  that  cytochalasin  D  inhibits  the  rapid  poly¬ 
merization  of  actin  (10,  46).  We  developed  a  novel  model  that 
makes  it  possible  to  study  the  effects  of  cytochalasin  D  on  cell 
function  in  vivo.  In  this  model,  various  doses  of  cytochalasin  D 
were  injected  immediately  into  the  small  intestinal  lumen  after 
the  SMA  was  clamped.  We  believe  that  SMA  clamping  blocks 
the  absorption  of  cytochalasin  D  into  the  blood  circulation 
since  all  animals  died  several  minutes  after  its  injection  without 
SMA  clamping.  A  1-p.M  dose  of  cytochalasin  D  is  optimal  to 
block  both  disruption  and  aggregation  of  actin  filaments  (Figs. 
2  and  3).  This  finding  is  consistent  with  the  observation  that 
cytochalasin  D  treatment  of  cells  induces  actin  aggregation 
while  simultaneously  depolymerizing  preexisting  actin  cy¬ 
toskeletal  components  (33).  However,  higher  doses  of  cytocha¬ 
lasin  D,  resulting  in  disruption  of  actin  filaments  (43)  and 
detachment  of  the  epithelial  cells  from  the  intestinal  villi  (data 
not  shown),  failed  to  worsen  tissue  injury  (Fig.  5).  This 
indicates  that  the  disruption  does  not  contribute  to  IgM-  or 
complement-mediated  tissue  injury  (Fig.  4).  We  conclude  that 
ischemia-mediated  aggregation  after  an  initial  disruption  in¬ 
duces  deposition  of  natural  IgM  and  C3  (Figs.  5  and  6).  It  is 
also  possible  that  the  subsequent  aggregation  results  from  the 
initial  disruption.  Under  physiological  conditions,  polymeriza¬ 
tion  and  depolymerization  may  be  well  balanced  whereas  this 
balance  is  biased  to  either  disruption  or  aggregation  during 
ischemia. 

It  has  been  suggested  that  NM-II  heavy  chains,  which  were 
identified  as  targets  of  natural  IgM,  may  be  exposed  to  the 
innate  immunity  during  ischemia  (49).  NM-II  binds  to  actin 
filaments,  playing  a  critical  role  in  regulating  cell  motility  and 
polarity  (7).  It  has  also  been  reported  that  the  injection  of 
anti- (32-glycoprotein  I  ((32-GPI)  antibodies  and  anti-phospho- 
lipid  antibodies  into  Ragl-  and  CR2-deficient  mice  restore 
intestinal  injury  (14).  (32-GPI,  a  plasma  protein,  was  reported  to 
bind  to  phosphatidylserine  (PS)  on  the  outside  of  the  mem¬ 
brane  of  apoptotic  cells  (4,  26).  These  observations  indicate 
that  anti-(32-GPI  and  anti-PS  antibodies  mediate  tissue  injury 
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due  to  the  formation  of  complexes  of  PS/p2-GPI/antibodies  or 
PS/antibodies  on  the  cell  membrane,  which  lead  to  the  activa¬ 
tion  of  complement.  It  is  possible  that  ischemia-mediated 
aggregation  of  actin  filaments  results  in  the  turnover  or  expo¬ 
sure  of  NM-II,  PS,  and/or  other  antigens  to  the  outer  surface  of 
cell  membrane  so  that  they  can  be  recognized  by  natural  IgM 
and  IgG.  Although  it  is  challenging  technically  for  us  to  test  the 
turnover  hypothesis  directly  using  anti-NM-II  or  anti-p2-GPI 
antibodies,  the  blockade  of  ischemia-mediated  deposition  of 
natural  IgM  and  C3  by  cytochalasin  D  clearly  supports  this 
notion  that  needs  further  investigations.  Future  studies  should 
focus  on  how  ischemia-mediated  aggregation  leads  to  the 
turnover  of  antigens  in  the  members. 

In  conclusion,  we  revealed  that  the  deposition  of  IgM  and 
complement  during  IR  is  a  direct  result  of  ischemia-mediated 
aggregation  of  the  actin  cytoskeleton. 
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Pathogenic  Natural  Antibodies  Recognizing  Annexin  IV  Are 
Required  to  Develop  Intestinal  Ischemia-Reperfusion  Injury^ 


Liudmila  Kulik,*  Sherry  D.  Fleming/  Chantal  Moratz/^  J  ason  W.  Reuter,*  Aleksey  Novikov,* 
Kuan  Chen,*  Kathy  A.  Andrews,^  Adam  Markaryan,^  Richard  J .  Quigg,^  Gregg  J .  Silverman,^ 
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Intestinal  ischemia-reperfusion  (IR)  injury  is  initiated  when  natural  IgM  A  bs  recognize  neo-epitopes  that  are  revealed  on  ischemic 
cells.  The  target  molecules  and  mechanisms  whereby  these  neo-epitopes  become  accessible  to  recognition  are  not  well  understood. 
Proposing  that  isolated  intestinal  epithelial  cells  (I  EC)  may  carry  IR-related  neo-epitopes,  we  used  in  vitro  I  EC  binding  assays  to 
screen  hybridomas  created  from  B  cells  of  unmanipulated  wild-typeC57BL/6  mice.  We  identified  a  novel  IgM  mAb  (mAb  B4)  that 
reacted  with  the  surface  of  I  EC  by  flow  cytometric  analysis  and  was  alone  capable  of  causing  complement  activation,  neutrophil 
recruitment  and  intestinal  injury  in  otherwise  IR-resistant  Ragl~'~  mice.  mAb  B4  was  found  to  specifically  recognize  mouse 
annexin  IV.  Preinjection  of  recombinant  annexin  IV  blocked  IR  injury  in  wild-type  C57BL/6  mice,  demonstrating  the  requirement 
for  recognition  of  this  protein  to  develop  IR  injury  in  the  context  of  a  complex  natural  Ab  repertoire.  Humans  were  also  found 
to  exhibit  IgM  natural  Abs  that  recognize  annexin  IV.  These  data  in  toto  identify  annexin  IV  as  a  key  ischemia-related  target  Ag 
that  is  recognized  by  natural  Abs  in  a  pathologic  process  required  in  vivo  to  develop  intestinal  IR  injury.  The  Journal  of 
Immunology,  2009,  182:  5363-5373. 


Ischemia-reperfusion  {IR)-induced^  injury  is  a  pathologic  pro¬ 
cess  that  occurs  when  the  normal  blood  flow  to  an  organ  or 
tissue  is  interrupted  for  a  period  of  time  that  is  sufficiently 
long  to  result  in  marked  hypoxia  and  ischemia,  following  which 
the  recirculation  of  blood  is  restored.  A  central  concept  in  this 
process  is  that  the  introduction  of  oxygenated  blood  during  the 
reperfusion  phase  results  in  the  development  of  more  severe  target 
organ  injury  than  that  caused  by  the  ischemia  per  se  (1,  2).  The 
precise  mechanism  of  injury  during  the  reperfusion  phase  is  a  sub¬ 
ject  of  intense  investigation,  because  no  specific  therapy  exists  at 
the  present  time  for  the  treatment  of  this  pathologic  process  that 
underlies  common  clinical  events  such  as  myocardial  infarction 
and  stroke  (3-  6).  IR-induced  injury  is  especially  prominent  in  the 
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intestine  and  is  frequently  followed  by  multiple  organ  dysfunction 
and  infection  as  secondary  complications  (7-10). 

With  regard  to  the  pathogenesis  of  this  condition,  complement 
activation  and  neutrophil  infiltration  are  two  key  events  that  are 
required  for  experimental  intestinal  IR  injury  induced  by  ligation 
and  subsequent  release  of  the  mesenteric  artery,  as  both  neutrophil 
depletion  (11-13)  and  complement  blockade  (14-16)  protect  mice 
from  the  development  of  local  tissue  damage.  Initiation  of  com¬ 
plement  activation  by  the  classical  and  lectin  pathways  has  been 
demonstrated  after  IR  of  the  heart,  intestine,  and  skeletal  muscle 
(15,  17-19),  although  tissue  injury  also  apparently  requires  the 
engagement  of  the  alternative  pathway  amplification  loop  (20). 
Initial  evidence  that  natural  Abs  are  centrally  involved  in  IR-in- 
duced  injury  came  from  seminal  findings  that  Rdgl~'~  mice  are 
resistant  to  the  induction  of  IR  injury  to  the  intestine  as  well  as 
other  vascularized  organs  (19,  21,  22).  The  same  mice,  when  re¬ 
constituted  with  IgM  purified  from  natural  Ab  in  pooled  sera  from 
wild-type  (wt)  mice,  become  fully  susceptibleto  IR-induced  injury 
(19,  23,  24).  As  a  related  finding,  Cr2“^“  mice  that  lack  expression 
of  the  B  lymphocyte  complement  receptor  (CR)1  and  CR2  are  also 
resistant  to  IR-induced  injury,  despite  exhibiting  normal  quantita¬ 
tive  levels  of  polyclonal  IgM  .  Infusion  of  natural  IgM  and  IgG  Abs 
from  butnotCr2“^“  mice,  or  transfer  of  peritoneal  B  cells 

from  Cr2^^^  to  Cr2“^“  mice,  restores  intestinal  IR  injury  (23,  25). 
These  data  have  suggested  that  there  are  specific  IR-related  neo¬ 
epitopes  against  which  Cr2~^~  mice  do  not  develop  normal  quan¬ 
titative  or  qualitative  levels  of  natural  Abs. 

Natural  Abs  are  Igs  that  are  produced  in  the  absence  of  delib¬ 
erate  immunization,  and  they  are  a  major  component  of  the  rep¬ 
ertoire  of  B1  cells,  which  produce  IgM  and  in  some  cases  IgG  Abs 
(26,  27).  B1  cells  in  the  adult  mouse  are  found  primarily  in  the 
peritoneum  and  pleura  (28).  Natural  Abs  are  frequently  found  to  be 
polyreactive  at  low  affinity  with  multiple  self  Ags  (29,  30),  and 
they  are  considered  as  an  important  part  of  the  innate  immune 
system  defense  against  infection.  For  example,  natural  Abs  have 
been  found  to  be  protectiveagainstchallengewith  bacterial  aswell 
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as  viral  pathogens,  and  to  play  an  important  role  in  the  clearance 
of  endotoxin  (31-33).  In  addition,  natural  Abs  play  important  roles 
in  the  recognition  of  apoptotic  cells,  oxidized  low-density  lipopro¬ 
tein,  and  nuclear  and  cytoplasmic  components  released  from  dam¬ 
aged  cells  (34-36). 

The  possibility  that  Abs  recognizing  specific  Ags,  or  subsets  of 
Ags,  could  be  identified  to  play  essential  roles  in  IR-induced  injury 
was  suggested  by  Fleming  et  al.  (21)  in  experiments  where  IgG 
mAbs  against  negatively  charged  phospholipids  and  i8-2-glycop- 
rotein  1,  as  well  as  polyclonal  antisera  with  high  titers  against  the 
same  Ags,  were  able  to  reconstitute  mesenteric  IR-induced  intes¬ 
tinal  and  lung  injury  in  Cr2“^“  mice.  UnlikeCr2“^“  mice,  though, 
reconstitution  of  IR  tissue  damage  in  injury-resistant  Rdgl~'~ 
mice  required  the  infusion  of  both  anti-]8-2-glycoprotein  1  and 
anti-phospholipid  IgG  mAbs,  or  polyclonal  serum-derived  Abs. 
Another  Ab  system  important  in  IR  injury  has  been  shown  to  in¬ 
volve  natural  Abs  recognizing  an  epitope  on  non-muscle  myosin 
and  glycogen  phosphorylase  (37,  38).  In  contrast  to  studies  by 
Fleming  et  al.,  an  IgM  mAb  (designated  CM  22)  recognizing  these 
two  Ags  was  found  to  be  capable  alone  of  inducing  mesenteric  and 
skeletal  muscle  I R  injury  in  Rdgl~'~  mice,  and  a  peptide  mimic  of 
the  Ag  also  blocked  in  vivo  the  IR  injury  of  intestine  and  skeletal 
muscle  in  wt  mice  (22,  37,  38). 

Annexin  IV  belongs  to  a  family  of  proteins  that  are  Ca^^-  and 
phospholipid-binding  proteins  (39,  40).  The  structure  of  annexins 
consists  of  a  conserved  Ca^^  and  membrane  binding  core  of  four 
annexin  repeats  (eight  for  annexin  VI)  and  variable  N -terminal 
regions  (41).  Annexins  are  soluble  cytosolic  proteins,  but  despite 
the  lack  of  obvious  signal  sequences  and  the  apparent  inability  to 
enter  the  classical  secretory  pathway,  annexins  have  been  identi¬ 
fied  in  extracellular  fluids  or  associated  with  the  external  cell  sur¬ 
face  through  poorly  understood  binding  sites  (40,  42-  44).  A  nnexin 
IV  is  predominantly  produced  by  epithelial  cells  and  is  also  found 
at  high  levels  in  lung,  intestine,  pancreas,  liver,  and  kidney.  De¬ 
pending  on  the  cell  type,  annexin  IV  has  been  found  either  along 
the  basolateral,  basal,  or  apical  domains  of  the  plasma  membrane, 
and  in  some  cell  types,  it  has  been  found  to  be  present  throughout 
the  cytoplasm  (45-  47).  With  regard  to  its  function,  annexin  IV  has 
been  shown  to  inhibit  the  epithelial  calcium-activated  chloride  ion 
conductance  (48),  to  play  a  role  in  the  formation  of  pronephric 
tubules  (49),  and  to  regulate  the  passive  membrane  permeability  to 
water  and  protons  (50).  Up-regulation  of  annexin  IV  has  been 
found  in  renal  cell  carcinoma  (51,  52).  Finally,  surface  membrane 
expression  of  annexin  IV  has  also  been  recognized  as  an  early 
marker  for  apoptotic  cell  death  (53,  54). 

Herein  we  report  the  identification  of  a  novel  pathogenic  IgM 
mAb  that  is  capable  of  inducing  intestinal  IR  injury  in  Rdgl~'~ 
mice.  The  mA  b  was  found  to  specifically  recognize  mouse  annexin 
IV.  Importantly,  we  also  found  that  normal  mouse  sera  contain 
natural  Abs  to  annexin  IV  epitopes  and  that  treatment  of  wt 
C57BL/6  mice  with  recombinant  annexin  IV  before  the  reperfu¬ 
sion  phase  prevents  IR-induced  intestinal  injury.  We  propose  that 
binding  sites  on  annexin  IV  are  essential  neo-epitopes  that  are 
expressed  on  ischemic  tissues  and  are  targets  for  natural  Ab  bind¬ 
ing  during  the  reperfusion  phase,  with  subsequent  complement  ac¬ 
tivation,  neutrophil  recruitment,  and  tissue  injury. 

M  aterials  and  M  ethods 

Mice 

Adult  male  Rag-1^'^  mice  were  obtained  from  The  Jackson  Laboratory 
and  maintained  following  shipment  for  at  least  a  7-day  acclimation  period 
in  the  Uniformed  Services  University  of  Colorado  Denver  animal  facility. 
Adult  male  and  female  Cr2+^+  and  Cr2~'^  mice  were  maintained  and  bred 
as  two  sublines  at  University  of  Colorado  Denver  as  described  previously 


(23).  Animal  studies  at  sites  were  approved  by  the  local  institutional  review 
board.  Human  studies  were  approved  by  the  Colorado  M  ulti Institutional 
Review  Board. 

Abs  and  reagents  used  for  analysis 

Biotinylated  and  FITC -conjugated  goat  anti-mouse  IgG  (Fcy  specific)  or 
anti-mouse  IgM  (jit-chain  specific)  streptavidin  (SA)-FITC  and  SA-PE 
were  obtained  from  Jackson  ImmunoResearch  Laboratories.  Alkaline 
phosphatase-conjugated  goat  anti-mouse  Ig  Ab  was  obtained  from  Caltag 
Laboratories.  Polyclonal  rabbit  anti-annexin  IV  A  b  was  obtained  from  Pro- 
teinTech  Group,  and  anti-6x  His  mAb  was  obtained  from  Novagen.  Syn¬ 
thetic  peptides  were  obtained  from  Synthetic  Biomolecules. 

Development  and  purification  of  IgM  mAbs 

mAbs  B4  and  D5  were  developed  by  the  fusion  of  peritoneal,  lymph  node, 
and  spleen  cells  from  unmanipulated  wt  C57BL/6  mice  with  the  Sp2/0- 
Agl4  myeloma  cell  line  by  the  standard  protocol  to  establish  hybridomas. 
Successful  fusions  were  screened  by  Western  blot  analysis  using  I  EC  ly¬ 
sates  and  by  flow  cytometric  analysis  of  isolated  I  EC.  To  purify  mAbs,  Ab 
from  the  exhausted  supernatants  of  cultured  B4  and  D5  hybridomas  was 
affinity  purified  on  a  column  of  agarose  beads  with  goat  anti-human  IgM 
(Sigma-Aldrich).  Bound  Ab  was  eluted  with  a  buffer  containing  0.1  M 
glycine  (pH  2.3)  and  collected  into  a  buffer  containing  1.5  M  T ris  (pH  8.8). 
Eluted  mAb  was  dialyzed  against  PBS  (pH  7.4)  for  48  h  and  concentrated 
using  centrifugal  filtration  on  Centricon  Plus-20  (Millipore).  Ab  concen¬ 
tration  was  determined  by  measuring  the/A280  nm  of  the  sample,  and  purity 
was  confirmed  by  analysis  on  a  10%  SDS-PAGE  gel. 

I  EC  isolation  and  flow  cytometric  analysis 

Isolation  of  I  EC  was  performed  using  previously  described  methods  (55, 
56).  Briefly,  after  dissection  of  the  mouse  intestine  into  small  pieces,  the 
latter  were  incubated  twice  in  HBSS  with  1  mM  DTT  and  1  mM  EDTA  for 
30  min  at37°C  with  shaking  to  detach  I  EC.  By  this  method  of  isolation,  the 
cell  mixture  consists  of  93-95%  I  EC,  with  <2%  intraepithelial  lymphocyte 
contamination  (55).  Intraepithelial  lymphocyte  can  be  readily  gated  out  in 
time  of  flow  cytometric  analysis  by  size  characteristics.  Detached  free  cells 
and  intact  crypts  were  centrifuged  and  resuspended  in  HBSS  containing 
Ca^+  and  M  g^^,  or  in  5%  FBS  DM  EM  culture  media.  Isolated  I  EC  were 
washed  in  the  staining  buffer  (2%  FCS/0.01%  NaN 3/PBS),  resuspended  in 
the  staining  buffer  containing  hybridoma  supernatant  or  pure  mAb,  and 
incubated  for  30  min  at  room  temperature.  After  incubation,  cells  were 
washed  in  the  staining  buffer  three  times  and  then  incubated  with  the  sec¬ 
ondary  goat  anti-mouse  IgM  (j^-chain  specific)  Abs  (Jackson  ImmunoRe¬ 
search  Laboratories)  for  30  min  at  room  temperature.  Following  incuba¬ 
tion,  cells  were  washed  as  above  described  and  then  resuspended  in  the 
staining  buffer.  Flow  cytometry  was  performed  using  a  BD  Biosciences 
FACSCalibur. 

1/1/estern  blot  analysis 

I  EC  were  lysed  on  ice  for  20  min  in  a  buffer  containing  0.5%  T riton  X-100, 
0.5%  Chaps,  20  mM  T ris-HCI  (pH  7.5),  1  mM  EDTA,  10  jug/ml  leupeptin, 
and  protease  inhibitor  mixture  (Roche  Molecular  Biochemicals).  Lysates 
were  cleared  by  centrifugation  at  8000  x  g  for  5  min.  After  separation  by 
8%  T ris-glycine  SDS-PAGE,  the  proteins  were  transferred  to  a  polyvinyli- 
dene  difluoride  membrane.  The  membrane  was  blocked  overnight  with  5% 
nonfat  milk  dissolved  in  PBS.  The  membrane  was  washed  in  PBS  and  then 
probed  with  a  primary  A b  for  1-2  h  in  2%  milk/PBS,  washed,  and  then 
incubated  with  HRP-conjugated  secondary  Abs.  A  positive  signal  was  vi¬ 
sualized  using  the  ECL  system  (PerkinElmer). 

Intestinal  IR  injury 

The  intestinal  IR  injury  model  was  performed  as  previously  described  (23) 
by  the  surgical  procedure  of  opening  the  abdominal  cavity  of  an  anesthe¬ 
tized  mouse  and  occluding  the  superior  mesenteric  artery  for  30  min,  fol¬ 
lowed  by  removal  of  the  clamp  and  2-h  reperfusion  of  the  tissue.  Ketamine/ 
xylazine  was  used  for  anesthesia. 

Histology  and  immunohistochemistry 

Immediately  after  euthanasia,  segments  of  small  intestine  specimens  were 
fixed  in  10%  buffered  formalin,  embedded  in  paraffin,  cut  transversely  in 
5-jLtm  sections,  and  stained  with  Giemsa.  M  ucosal  injury  was  graded  on  a 
six-tiered  scale  in  a  blinded  manner,  as  described  previously  (23).  Briefly, 
the  average  of  villus  damage  in  an  ~2-cm  intestinal  section  (50-100  villi) 
is  determined  after  grading  each  villus  in  the  section  on  a  0-6  scale.  A 
score  of  0  is  assigned  to  a  normal  villus;  a  score  of  1  to  villi  with  tip 
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FIGURE  1.  Characterization  of  mAb  B4 
epitope  expression.  A,  Representative  flow 
cytonnetric  histogranns  show  binding  of  mAb 
B4  to  a  single-cell  suspension  of  I  EC  (top 
panel),  splenocytes  (middle  panel),  and  thy¬ 
mocytes  (bottom  panel).  Cells  were  incu¬ 
bated  with  mAb  B4,  and  bound  Ab  was  de¬ 
tected  by  using  anti-mouse  IgM  (jn-chain 
specific)  for  I  EC  and  thymocytes.  In  the  case 
of  splenocytes,  mAb  B4  labeled  with  biotin 
was  used.  B  and  C,  mAb  B4  epitope  expres¬ 
sion  was  determined  by  Western  blot  analy¬ 
sis  of  isolated  from  thymus,  spleen,  or  intes¬ 
tine  cell  in  6,  or  lysates  were  prepared  from 
whole  organs  in  C.  Data  are  representative  of 
two  independent  experiments.  D,  Binding  of 
mAb  B4  to  proteins  typically  found  as  tar¬ 
gets  of  polyreactive  natural  Abs  was  studied 
by  microarray  analysis.  The  positive  control 
for  mAb  B4  binding  is  Clq  and  anti-mouse 
IgM  Ab,  positive  controls  for  the  microarray 
are  mAb  NC-17D8  and  polyclonal  IgM ,  and 
the  negative  control  is  designated  blank. 
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distortion;  a  score  of  2  is  assigned  when  in  addition  goblet  cells  and  Gu- 
genheims'  spaces  are  missing;  a  score  of  3  is  assigned  to  villi  with  patchy 
disruption  of  the  epithelial  cells;  a  score  of  4  is  assigned  to  villi  with 
exposed  but  intact  lamina  propria  with  epithelial  cell  sloughing;  when  the 
lamina  propria  is  exuding  a  score  of  5  is  assigned;  and  lastly,  a  score  of  6 
is  assigned  to  villi  that  display  hemorrhage  or  to  villi  that  are  denuded. 
Additional  tissue  sections  were  fixed  for  2  h  in  cold  4%  paraformaldehyde 
in  PBS  before  transfer  to  PBS  for  paraffin  embedding  and  preparation  of 
transverse  sections.  Following  removal  of  paraffin  from  sections,  nonspe¬ 
cific  Ab  binding  sites  were  blocked  by  treatment  with  a  blocking  solution 
(DakoCytomation)  for  30  min.  After  washing  in  PBS,  the  tissues  were 
incubated  with  goat  anti-mouse  C3  (Cappel)  or  appropriate  control  IgG 
(Jackson  ImmunoResearch  Laboratories)  Ab  overnight  at  4°C.  The  pri¬ 
mary  Ab  was  detected  with  a  biotinylated  donkey  anti-goat  Ig  (Jackson 
ImmunoResearch  Laboratories),  then  SA-HPR  (Vector  Laboratories),  and 
developed  with  Vector  Nova  Red  Substrate  (Vector  Laboratories).  For  im- 
munohistochemistry,  tissues  were  fixed  at  4°C  for  2  h  in  4%  paraformal¬ 
dehyde  in  PBS.  Nonspecific  Ab  binding  sites  were  blocked  by  the  incu¬ 
bation  with  a  blocking  solution  PBS  for  30  min.  After  washing  in  PBS,  the 
tissues  were  incubated  with  isotype  control  Ab  or  FITC -conjugated  anti¬ 
mouse  C3,  tetramethyirhodamine  isothiocyanate-conjugated  anti-mouse  Ig, 
and  4',6-diamidino-2-phenylindole  (DA PI)  to  visualize  the  nucleus.  After 


washing,  the  slides  were  mounted  using  ProLong  Gold  antifade  reagent 
with  DA  PI  and  analyzed  on  an  Olympus  AX  80  microscope. 

Eicosanoid  determination 

The  ex  vivo  generation  of  eicosanoids  in  small  intestine  tissue  was  deter¬ 
mined  using  a  previously  described  method  (16,  23).  Briefly,  sections  of 
minced  fresh  mid-jejunum  were  washed  and  resuspended  in  37°C  oxygen¬ 
ated  Tyrode's  buffer  (Sigma-Aldrich).  After  tissues  were  incubated  for  20 
min  at  37°C,  supernatants  and  tissue  were  collected  and  stored  at  -80°C 
until  assayed.  The  concentrations  of  leukotriene  B4  (LTB4),  and  PGE2  were 
determined  using  an  enzyme  immunoassay  (Cayman  Chemical).  The  tissue 
protein  content  was  determined  using  the  bicinchonic  acid  assay  (Pierce) 
adapted  for  use  with  microtiter  plates.  LTB4  and  PGE2  levels  were  ex¬ 
pressed  in  pictograms  per  milligrams  protein  per  20  min. 

Myeloperoxidase  (MPO)  activity 

Supernatants  generated  for  the  eicosanoid  assays  were  also  used  to  deter¬ 
mine  peroxidase  activity  by  measuring  oxidation  of  3,3',5,5'-tetramethyl- 
benzidine  as  described  previously  (16).  Briefly,  supernatants  were  incu¬ 
bated  with  equal  volumes  of  3,3', 5, 5'-tetramethyl benzidine  peroxidase 
substrate  (K  irkegaard  &  Perry)  for  45  min.  The  reaction  was  stopped  by  the 
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FIGURE  2.  Restoration  of  IR  injury  in  Rag] mice  by  mAb  B4.  Sixty 
minutes  before  the  induction  of  ischemia  by  mesenteric  artery  occlusion, 
25  jLtg  of  purified  mAb  B4,  or  100  [xg  of  control  IgM  mAb  D5,  were 
injected  i.v.  After  completion  of  the  I R  protocol,  mice  were  sacrificed,  and 
Giemsa-stained  intestinal  sections  from  each  treatment  group  were  scored 
for  mucosal  injury  (0-  6)  as  described  in  Materials  and  Methods.  mAb  B4 
injected  into  Ragl^'^  mice  induced  substantial  injury  in  the  mice  under¬ 
going  IR  (mAb  B4  IR)  in  contrast  to  sham-operated  mice  {Ragl^'~  sham) 
or  Ragl^'^  mice  undergoing  I R  {Ragl^'~  IR).  mAb  DS-treated 
mice  (mAb  D5  IR)  did  not  demonstrate  substantial  injury.  As  a  positive 
control  for  the  level  of  intestinal  injury,  wt  C57BL/6  mice  undergoing  IR 
were  included  (wt  IR).  All  measurements  were  obtained  at  x200.  The 
figure  is  a  representative  of  two  independent  experiments.  Each  bar  is  the 
average  ±  SEM  with  three  to  six  animals  per  group.  Statistical  analysis 
was  performed  by  Student's  t  test. 


addition  of  0.18  M  sulfuric  acid,  and  the  OD45onm  was  determined.  The 
concentration  of  total  peroxidase  was  determined  using  HRP  (Sigma-AI- 
drich)  as  a  standard  and  plotted  as  picograms  of  M  PO  activity  per  milli¬ 
gram  of  tissue. 

Purification  of  I  EC  protein  reactive  with  mAb  B4 

To  purify  protein  reactive  with  mAb  B4  for  identification,  a  three-step 
purification  procedure  based  on  the  method  described  by  Vossenaar  et  al. 
(57)  was  performed.  In  the  first  step,  I  EC  lysates  were  resolved  using 
preparative8%  SDS-PAGE.Two  lanes  from  the  gel  were  cut.  The  first  lane 
was  transferred  to  a  membrane  and  probed  with  mAb  B4,  and  the  second 
lane  was  stained  with  Coomassie  brilliant  blue  to  localize  precisely  the 
position  of  the  proteins.  The  rest  of  the  gel  was  stained  with  a  nonfixing  gel 
stain  GeBA  SeeBand  stain  (Gentaur),  and  protein-containing  areas  were 
excised  and  stored  at  4°C.  In  the  next  step,  the  gel  strips  were  washed  in 
a  freshly  prepared,  warm  (37°C)  washing  solution  (2  mM  Tris-HCI  (pH 
8.0),  8  M  urea,  and  1%  Nonidet  P-40).  The  washed  gel  strips  were  then 
loaded  on  an  isoelectric  focusing  (lEF)  gel  (6  M  urea,  1%  Nonidet  P-40, 
15%  (of  total  volume)  acrylamide  mix  (39:1),  2%  ampholytes  (3-10),  0.47 
jLtg/ml  ammonium  persulfate,  and  0.66  pil/ml  tetramethyl ethyl enedi amine). 
lEF  was  performed  on  a  gel  (15  x  15  cm)  overnight  at  200  V.  The  upper 
and  lower  buffers  were  0.09  M  NaOH  and  0.85%  phosphoric  acid,  respec¬ 
tively.  Immediately  after  migration,  the  gel  was  fixed  in  the  20%  trichlo¬ 
roacetic  acid  for  20  min  and  then  stained  with  Coomassie  brilliant  blue. 
Regions  containing  proteins  in  the  I EF  were  excised  and  separated  by  8% 
SDS-PAGE.  Protein  was  localized  by  staining  with  GeBA  SeeBand  stain, 
and  areas  of  interest  were  excised  and  used  for  identification  of  proteins 
using  mass  spectrometry  (MS)  (University  of  Chicago).  A  parallel  SDS- 
PAGE  was  performed,  and  after  transfer  to  polyvinylidenedifluoride  mem¬ 
brane,  Western  blot  analysis  was  performed  to  confirm  the  location  of  the 
A g  in  the  gel. 
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FIGURE  3.  Identification  of  the  A g  recognized  by  mAb  B 4. 4,  Lysates 
prepared  from  isolated  I  EC  were  separated  using  a  sequential  three  gel 
separation  protocol  as  described  in  Materials  and  Methods.  The  presence 
of  the  B4  Ag  was  confirmed  by  Western  blot  analysis  (right  panel).  Two 
gel  samples  (H)  were  analyzed  by  MS.  6,  The  MASCOT  search  results  for 
the  protein  isolated  from  first  sample  were  identified  as  mouse  annexin  IV 
based  on  the  highest  score  number  of  785;  78  matched  peptides  covering 
53%  of  the  annexin  IV  sequence  were  identified  (underlined  bold  letters).  C, 
Lysates  of  untransformed  F-293  cells  (lane  1}  and  F-293  cells  transformed 
with  the  pSecTag2/Hygro  B  expression  vector  carrying  annexin  IV  insert  (F- 
293-A4)  (lane  3)  together  with  culture  supernatants  from  transformed  cells 
(lane  2)  were  probed  by  Western  blot  analysis  with  mAb  B 4.  D,  Flow  cyto¬ 
metric  analysis  of  F-293  cells  expressing  recombinant  annexin  IV.  F-293-A4 
cells  were  probed  in  flow  cytometry  with  mAb  B4.  E,  Supernatant  (/anel)  and 
lysate  (lane  2)  from  F-293-A4  cells  expressing  recombinant  annexin  IV  that 
had  been  incubated  in  PBS  alone,  or  supernatant  (lane  3}  and  lysate  (lane  4) 
from  the  same  cel  Is  incubated  with  0.5  M  EDTA,  were  probed  by  Western  blot 
analysis  with  mAb  B4.  Recombinant  annexin  IV  was  not  released  from 
F-293-A4  cells  in  the  absence  of  free  Ca^+. 


a  90-mi n  gradient  (8  min  to  10%  buffer  B,  32  min  from  10  to  45%,  hold 
5  min,  5  min  from  45  to  90%,  hold  for  20  min,  then  5  min  to  0%  B,  hold 
for  15  min).  A  flow  rate  of  0.25  jal/min  was  used.  The  MASCOT  program 
was  used  to  search  the  mouse  protein  sequence  database.  Probability- based 
mouse  score  (-10*log  P)  was  used  for  protein  identification,  where  P  is  the 
probability  that  the  observed  match  is  a  random  event.  Individual  ion 
scores  >  40  indicate  identity  or  extensive  homology  (p  <  0.05). 

Annexin  IV  constructs 


Protein  identification  by  MS 

After  separation  the  protein  was  digested  in-gel  with  trypsin  according  to 
a  modified  protocol  (University  of  Chicago).  The  aqueous  peptide  extract 
(10  jLtI)  was  analyzed  using  electrospray  liquid  chromatography  MS  (LC/ 
M  S/M  S).  An  HPLC  instrument  (Agilent)  was  connected  with  an  XCT  ion 
trap  M  S  (Agilent).  Sample  was  loaded  automatically  at  10  pil/min.  Chro¬ 
matography  buffer  solutions  (buffer  A,  2.5%  methanol,  and  0.1%  formic 
acid;  buffer  B,  99.9%  acetonitrile  and  0.1%  formic  acid)  were  used  to  make 


The  original  cDNA  sequence  of  mouse  annexin  IV  was  taken  from  In- 
vitrogen  clone  no.  4947415  placed  into  the  pET-32  Xa/LIC  bacterial  ex¬ 
pression  vector  (Novagen).  To  accomplish  this  task,  cDNAs  encoding  for 
annexin  IV  were  amplified  by  PCR.  The  forward  primer  used  was  5'-GGT 
ATT  GAG  GGT  CGC  ATG  GAA  GCC  AAA  GGA  GGA  AC-3'.  The 
reverse  primer  was  5'-AGA  GGA  GAG  TTA  GAG  CCT  TAA  TCA  TCT 
CCT  CCA  CAG  AGA  AT-3'.  The  ligation-independent  cloning  (LIC)  was 
donein  pETXa/LIC  vector.  The  vector  adds  a  Trx-Tag,  His-Tag,  and  S-Tag 
to  the  N  terminus  of  the  protein.  These  tags  are  cleavable  with  Factor  Xa 
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leaving  a  native  version  of  the  N  ternninus.  To  express  protein  in  nnannnna- 
lian  cells  the  forward  and  reverse  prinners  were  5'-CTG  GTA  CCA  GCA 
TGG  AAG  CCA  AAG  GAG-3'  and  5'-TCT  CGA  GAA  TCA  TCT  CCT 
CCA  CAG  AGA  ATG-3',  respectively.  The  prinners  add  restriction  sites 
Acc65l  (or /(pnl)  to  the  start  of  annexin  IV  andXhol  restriction  site  to  the 
end  of  annexin  IV.  The  Kpn\IXho\  fragnnent  was  annplified  by  PCR  fronn 
genonnicDNA  using  Pfu  polynnerase  (Novagen).  The /CpnI/Xhol  fragnnent 
was  subsequently  cloned  into  pSecTag2/Hygro  B  expression  vector  (In- 
vitrogen),  and  expression  of  the  protein  was  acconnplished  in  the  F-293  cell 
line  (Invitrogen).  The  vector  adds  an  IgK-chain  leader  sequence  to  the  N 
ternninus  of  the  protein  for  secretion.  After  leader  peptide  is  cleaved  ~15 
aa  are  left  on  the  N  ternninus  of  the  protein.  The  vector  adds  also  a  nnyc 
epitope  and  a  6x  His  tag  to  the  C  ternninus  of  the  protein. 

Expression  and  purification  of  recombinant  annexin  IV 

The  expression  construct  pETXa/L I C -A 4  was  transfornned  intoE.  coli  Ro¬ 
setta  2  (DE3)  cells.  Bacterial  expression  cultures  were  incubated  at37°C  in 
Luria-Bertani  nnediunn  containing  annpicillin  (50  pig/nnl)  until  an  Agoonm  of 
0.6  was  reached.  Reconnbinant  protein  expression  was  induced  by  an  ad¬ 
dition  of  isopropyl  j8-D-thiogalactoside  (Sanland-Chenn)  to  a  final  concen¬ 
tration  of  0.3  nnM  .  After  6  h  of  incubation  at  32°C,  bacteria  were  harvested 
by  centrifugation  at  10,000  x  g  for  10  nnin  at  4°C.  After  harvesting  the 
cells,  they  were  resuspended  in  PBS  with  Connplete,  EDTA-Free  Protease 
Inhibitor  Cocktail  Tablets  (Roche  M  olecular  Biochennicals).  Bacteria  were 
lysed  by  four  freeze-thaw  cycles.  The  lysate  was  then  incubated  with 
DNase  and  RNasefor  30  nnin.  Cell  lysate  was  then  centrifuged  (10,000  x 
g  for  40  nnin),  and  cell  pellet  was  resuspended  in  6  M  urea  for  30  nnin. 
Centrifugaton  by  10,000  x  g  for  40  nnin  was  then  used  to  rennove  undis¬ 
solved  debris.  The  precleared  supernatant  was  diluted  (2:1)  by  PBS,  its  pH 
adjusted  to  7.6  with  NaOH  and  then  applied  to  aTALON  resin  colunnn  (BD 
Clontech)  equilibrated  with  4  M  urea.  Bound  protein  was  refolded  on  the 
colunnn  using  a  discontinuous  gradient  fronn  4  to  0.25  M  urea,  starting  with 
the  equilibration  buffer  and  finishing  with  a  buffer  containing  10  nnM  inn- 
idazole  in  PBS  (pH  7.0).  The  refolded  protein  was  eluted  with  a  buffer 
containing  a  stepwise  gradient  of  19,  38,  75,  and  150  nnM  innidazole.  The 
presence  of  the  protein  and  its  purity  was  confirnned  by  SDS-PAGE  and 
staining  with  Coonnassie  brilliant  blue. 

Annexin  IV  ELISA 

Innnnulon  IB  plates  (Dynatech  Laboratories)  were  coated  with  5  j^g/nnl 
annexin  IV-purified  protein  in  PBS.  Wells  were  blocked  with  1%  BSA  in 
PBS.  Serial  dilution  of  serunn  sannples  were  nnade  in  blocking  buffer,  and 
sannples  were  applied  to  wells.  After  incubation  and  washing,  bound  Abs 
were  detected  using  AP-conjugated  anti-nnouse  IgG  (Fcy  specific)  or  anti- 
nnouse  IgM  (pi-chain  specific)  Abs,  followed  by  p-nitrophenyl  phosphate 
(Signna-Aldrich)  at  1  nng/nni.  Plates  were  read  at  405  nnn. 

Results 

Generation  ofmAbs 

Asa  Strategy  to  identify  mAbs  that  would  recognize  neo-epitopes 
on  ischemic  tissues,  we  hypothesized  that  intact  intestinal  epithe¬ 
lial  cells  (I EC),  when  isolated  as  a  single-cell  suspension,  might 
expose  on  the  surface  the  same  neo-epitopes  that  are  targets  on  the 
ischemic  cells  for  pathogenic  IgM  Abs  in  vivo  during  intestinal  IR. 
Consistent  with  this,  in  pilot  experiments,  we  found  that  whole 
serum  from  Cr2^^^  mice  exhibited  higher  binding  of  Igs  to  I  EC 
than  Cr2~'~  mice  (data  not  shown).  On  the  basis  of  this  hypoth¬ 
esis,  we  used  freshly  isolated  I  EC  to  screen  hybridomas  obtained 
by  fusion  with  the  Sp2/0-Agl4  myeloma  cell  line  of  B  cells  from 
wt  unmanipulated  C57BL/6  mice  derived  from  peritoneum,  lymph 
nodes,  and  spleen.  Wells  were  chosen  for  further  subcloning  based 
on  the  positive  surface  staining  of  I  EC  by  flow  cytometry  or  re¬ 
activity  by  Western  blot  analysis  on  tissue  lysates.  Cells  were  then 
serially  recloned  to  obtain  monoclonal  cell  lines  stably  producing 
a  single  mAb. 

One  such  product  of  this  strategy,  designated  mAb  B4,  was 
obtained  from  a  fusion  with  spleen  cells  and  is  an  IgM  k  isotype 
Ab.  As  shown  using  flow  cytometric  analysis,  mAb  B4  binds  a 
surface  epitope  on  I  EC  but  not  on  freshly  isolated  splenocytes  or 
thymocytes  (Fig.  14).  By  Western  blot  analysis,  mAb  B4  recog¬ 
nizes  a  protein  with  a  m.w.  of  37  kDa  in  I  EC  lysates  but  not  lysates 
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FIGURE  4.  mAb  B4  does  not cross-reactwith  previously  published  Ags 
recognized  by  pathogenic  natural  Abs  in  intestinal  IR  injury.  A,  mAb  B4 
was  tested  in  an  anti-phospholipid  A  b  ELISA  for  the  binding  to  cardiolipin 
(CL),  phosphorylcholine-BSA  (PC-BSA),  phosphatidic  acid  (PA),  phos- 
phatidylserine  (PS),  and  phosphatidylglycerol  (PG).  A  broadly  reactive 
IgM  anti-phospholipid  mAb  (our  unpublished  data)  was  used  as  a  positive 
control.  Bound  Abs  were  detected  by  AP-conjugated  goat  anti-mouse  IgM  . 
Data  are  shown  as  OD405  nm-  Bar  graph  shows  the  lack  of  reactivity  of 
mAb  B4  in  ELISA  with  synthetic  peptides  reported  to  be  targets  for  the 
pathogenic  CM  22  IgM  mAb.  Synthetic  peptides  coated  to  an  ELISA  plate 
were  incubated  with  either  mAb  B4  or  control  mAb  D5.  Bound  Abs  were 
detected  by  AP-conjugated  goat  anti-mouse  IgM  Ab.  Pooled  sera  from 
C57BL/6  mice  at  a  dilution  of  1/50  were  used  as  a  positive  control.  Data 
are  shown  as  OD405  nm  are  representative  of  two  independent 
experiments. 


from  freshly  isolated  splenocytes  or  thymocytes  (Fig.  16).  When 
other  tissue  lysates  were  probed  by  Western  blot  with  mAb  B4,  the 
epitope  was  found  to  be  widely  distributed,  with  the  highest  rela¬ 
tive  expression  in  lung  and  isolated  lEC  (Fig.  1C).  As  an  isotype 
control  we  used  mA  b  D5  directed  to  an  epitope  on  mouse  cytokeratin 
19  (our  unpublished  data).  The  results  shown  in  Fig.  1C  demonstrate 
that  when  the  whole  spleen  was  taken  to  make  lysates,  a  weak  band 
corresponding  to  the  B4  Ag  is  seen,  and  a  band  of  the  same  size  was 
seen  in  lysates  from  whole  thymus  (data  not  shown).  These  data  sug¬ 
gest  that  the  mAb  B4  epitope  is  expressed  in  nonlymphoid  stromal 
cells,  perhaps  of  epithelial  origin,  in  these  tissues. 

To  determine  whether  mAb  B4  is  typical  of  polyreactive  natural 
Abs  or  has  a  more  restricted  reactivity,  microarray  analysis  was 
performed  using  a  series  of  Ags  typically  found  to  be  targets  of  this 
class  of  Abs  (29,  30).  The  accession  number  for  the  data  is 
GSE14862;  the  data  can  be  accessed  on  the  website  www.ncbi. 
nlm.nih.gov/geo/query/acc.cgi?acc=  GSE14862.  Positive  controls 
for  the  assay  were  mAb  NC17-D8  that  recognizes  phosphatidyl 
choline  (58,  59)  and  polyclonal  mouse  IgM  .  As  shown  in  Fig.  ID, 
mAb  B4  demonstrates  only  minimal  reactivity  with  a  subset  of 
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NATURAL  AbsTO  ANNEXIN  IV  IN  IR  INJURY 
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FIGURE  5.  Association  of  neutrophil  infiltration  and  eicosanoid  generation  with  IR  in  Ragl~^^  nnice  treated  with  nnAb  B4.  Intestinal  tissue  fronn 
shann-operated,  wt  C57BL/6  nnice  (■),  wt  nnice  undergoing  IR  [M],  or  shann-operated  Ragl~'~  nnice  (□),  and  Ragl~'~  nnice  preinjected  with  nnAb  B4  and 
undergoing  IR  (^)  were  collected.  The  concentrations  of  M  PO  (left panel),  LTB4  (middle  panel),  and  PGE2  (right panel)  were  deternnined  ex  vivo  using 
enzynne  innnnu noassays.  The  data  are  presented  as  picogranns  per  nnilligrann  of  tissue  for  LTB4  and  PGE2,  and  as  M  PO  activity.  Each  bar  is  the  average  ± 
SEM  with  four  to  six  aninnals  per  group.  Statistical  significance  was  deternnined  using  an  unpaired  two-tailed  Student's  ttest.  ND,  data  not  obtained. 


Ags  that  is  far  below  that  demonstrated  by  mAb  NC17-D8  or  poly¬ 
clonal  IgM .  mAb  B4  also  does  not  recognize  negatively  charged 
phospholipids  when  using  ELISA  analysis  (see  Fig.  5  below). 
Thus,  mAb  B4  does  not  appear  to  be  typical  of  the  polyreactive 
subset  of  natural  Abs. 

Monoclonal  Ab  B4  restores  IR  injury  in  Ragl~^~  mice 

T 0  determine  whether  mA  b  B4  exhibited  the  desired  characteristic 
of  induction  of  intestinal  IR  injury,  we  used  mice  that  are 

normally  protected  from  IR  injury  (19).  Purified  mAb  B4  or  con¬ 
trol  IgM  mAb  D5  was  injected  i.v.  60  min  before  the  reperfusion 
phase,  and  the  intestines  from  mice  undergoing  IR  were  examined 
for  injury. 

Analysis  of  intestinal  injury  revealed  that  the  sham  treated 
Ragl~'~  mice  as  well  as  Ragl~'~  mice  that  underwent  the  IR 
protocol  did  not  show  significant  damage  as  compared  with  wt 
C57BL/6  mice  that  demonstrated  an  injury  score  of  2.82  ±  0.9 
(Fig.  2).  In  contrast,  Ragl~'~  mice  injected  with  25  peg  of  mAb  B4 
Ab  demonstrated  an  injury  score  of  1.8  ±  0.42.  In  contrast  to  the 
effects  of  mAb  B4,  the  isotype  control  mAb  D5,  generated  during 
the  same  screening  protocol,  did  not  cause  IR  injury  in  Ragl~'~ 
mice  even  at  a  dose  of  100  /xg  per  mouse  (score  0.75  ±  0.09).  In 
other  experiments,  treatment  of  mice  with  doses  of  mAb  B4  rang¬ 
ing  from  9  to  81  /xg  also  led  to  significantly  increased  IR  injury 
(data  not  shown),  and  thus,  there  is  not  a  narrow  dose-response 
interval  for  its  biologic  effect. 

Monoclonal  Ab  B4  recognizes  annexin  IV 

The  finding  that  mAbB4was  able  to  mediate  intestinal  IR  injury 
in  Ragl~'~  mice  led  us  to  perform  further  studies  and  identify  the 
protein  specifically  recognized  by  this  mAb  on  lEC.  We  used  a 
multistep  process  described  in  Materials  and  Methods,  which  cul¬ 
minated  in  a  2D  gel  separation  of  the  proteins  according  to  their 
m.w.  and  charge,  following  which  the  protein  reactive  with  mAb 
B4  was  characterized  by  proteolysis  and  M  S  analysis  (Fig.  3).  Of 
note,  the  lEF  gel,  wherein  the  separation  of  proteins  occurs  based 
on  charge,  revealed  that  the  protein  of  interest  formed  a  long 
smear,  thus  making  it  difficult  to  localize  it  in  a  single  spot  (Fig. 
34 ).  To  overcome  the  problem,  we  cut  two  separate  areas  from  the 
gel  and  analyzed  the  proteins  in  each  of  these  areas,  considering 
that  the  same  protein  would  be  found  in  each  section.  M  S  analysis 
of  fragmented  protein  in  the  two  areas  identified  the  same  protein 
recognized  by  mAb  B4  as  mouse  annexin  IV  (Fig.  38).  Consistent 


with  this  result,  using  commercial  polyclonal  Abs  to  annexin  IV, 
we  were  able  to  determine  that  anti-annexin  IV  Abs  recognize  the 
same  extended  band  on  the  lEF  gel  to  which  mAb  B4  binds  (data 
not  shown). 

Monoclonal  Ab  B4  recognizes  recombinant  annexin  IV 
expressed  in  mammalian  cells 

To  confirm  that  murine  annexin  IV  is  the  protein  recognized  by 
mAb  B4,  we  expressed  recombinant  annexin  IV  in  mammalian  and 
bacterial  cell  systems.  When  recombinant  annexin  IV  was  ex¬ 
pressed  in  the  human  F-293  cell  line  using  the  pSecTag2/Hygro  B 
expression  vector,  W  estern  blot  analysis  showed  that  the  recombinant 


FIGURE  6.  mAb  B4,  when  injected  into  Rag] mice  and  inducing  I R 
injury,  clusters  in  the  microvillus  beneath  the  enterocyte  layer.  Three-color 
immunofluorescence  staining  for  C3  (green),  mouse  Ig  (red),  and  DA  PI 
(blue)  was  performed.  Clusters  of  C 3  deposition  colocalized  with  mouse  Ig 
(arrow  head)  and  C3  deposition  alone  (arrow)  were  seen  in  intestine  from 
Ragl^^~  mice  reconstituted  by  mAb  B4  before  IR  (upper  panel).  Slides 
made  from  the  same  intestine  were  probed  with  anti-mouse  Ig  and  isotype 
control  Ab  for  C3  Ab  (lower  panel).  Note  absence  of  the  yellow-color 
clusters  therein. 
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FIGURE  7.  /A,  Intestinal  I R  injury  is  ame¬ 
liorated  in  wt  C57BL/6  mice  receiving  re¬ 
combinant  annexin  IV  before  the  ischemic 
phase.  Reduction  of  the  of  I R -induced  injury 
to  the  level  of  sham-operated  animals  (B6 
sham)  was  observed  in  wt  mice  when  they 
were  injected  with  50  j^g/mouse  of  annexin 
IV  5  min  before  the  reperfusion  phase  (A 4 
IR).  Injury  in  mice  preinjected  with  control 
CPK19  protein  (CP  K19  IR)  was  compara¬ 
ble  with  the  injury  in  C57BL/6  mice  under¬ 
going  IR  (B6  IR)  (a).  Small  intestine  tissue 
samples  were  processed  as  in  Fig.  6for  M  PO 
activity  (b)  and  the  eicosanoids  LTB4  (c)  and 
PGE2  id).  Each  bar  is  the  average  ±  SEM 
with  three  to  six  animals  per  group.  Statisti¬ 
cal  significance  was  determined  using  one¬ 
way  A  NOV  A.  6,  Small  intestine  of  annexin 
IV -preinjected  mice  (far  right),  similarly  to 
sham-operated,  wt  mice  (far  left),  does  not 
show  C3  deposition  in  IR  induced  injury,  in 
contrast  to  wt  mice  (second  from  left)  and 
mice  preinjected  with  the  CPK19  control 
protein  undergoing  IR  (second  from  right). 


annexin  IV  protein  expressed  was  recognized  by  mAb  B4  (Fig.  3C). 
The  presence  of  annexin  IV  on  the  Western  blot  was  confirmed  by 
probing  the  membrane  with  polyclonal  anti-annexin  IV  and  anti-6x 
His  Abs  (data  not  shown).  We  also  performed  flow  cytometric  anal¬ 
ysis  of  transfected  F-293  cells  to  show  that  mAb  B4  recognizes  cells 
expressing  recombinant  murine  annexin  IV  (Fig.  3D). 

When  transfected  F-293-A4  cells  were  probed  with  mAb  B4 
using  flow  cytometric  analysis,  the  protein  was  found  to  be  local¬ 
ized  on  the  surface  of  the  cells  (Fig.  3D).  These  results  are  con¬ 
sistent  with  the  known  localization  of  annexin  IV  whereby  the 
protein  is  found  to  be  closely  associated  with  the  plasma  mem¬ 
brane.  Previous  results  have  suggested  that  annexin  proteins  may 
bind  to  the  plasma  membrane  through  a  Ca^^-dependent  mecha¬ 
nism  (41,  60).  However,  when  the  recombinant  annexin  IV -ex¬ 
pressing  F-293-A4  cells  were  incubated  in  a  buffer  containing  0.5 
M  EDTA,  immunoreactive  protein  was  not  released  from  the  cell 
surface  (Fig.  3E).  These  data  correlate  with  the  observation  that 
lEC  isolated  in  EDTA-containing  buffer  display  the  mAb  B4 
epitope  on  the  surface  of  I  EC  as  detected  by  flow  cytometric  anal¬ 
ysis.  In  sum,  several  lines  of  evidence  using  mammalian  recom¬ 
binant  protein  expression  methods  confirm  that  mAb  B4  specifi¬ 
cally  recognizes  mouse  annexin  IV. 

Monoclonal  Ab  B4  does  not  recognize  Ags  previously  shown  to 
be  targets  for  pathogenic  Abs  in  intestinal  IR  injury 

Two  classes  of  Ags  have  previously  been  suggested  as  candi¬ 
dates  for  IR-related  neo-epitopes  and  as  targets  for  pathogenic 


natural  Abs.  Although  mAb  B4  was  found  to  recognize  annexin 
IV,  we  wanted  to  specifically  determine  whether  it  would  also 
cross-react  with  these  other  Ags.  First,  since  it  had  been  shown 
previously  that  Cr2~'~  and  Ragl~'~  mice  reconstituted  with 
Abs  recognizing  negatively  charged  phospholipids  demon¬ 
strated  IR  injury  (21),  we  used  an  anti-phospholipid  A b  ELISA 
to  determine  whether  mAb  B4  would  recognize  this  class  of 
Ags.  We  were  unable  to  detect  any  binding  of  mAb  B4  to  the 
same  phospholipids  recognized  in  previous  studies  (Fig.  44). 
Second,  as  reported  by  the  C arrol I  group,  the  C M  22  I gM  mAb 
(37,  38)  that  is  capable  of  inducing  IR  injury  in  Ragl~'~  mice 
recognizes  a  synthetic  peptide  (designated  N2)  derived  from 
one  of  its  Ags,  nonmuscle  myosin,  ora  mimicking  peptide  (des¬ 
ignated  P8)  that  was  identified  from  a  phage  display  library. 
When  the  same  synthetic  peptides  were  probed  in  ELISA  for 
binding  by  mAb  B4,  no  detectable  signal  was  apparent,  in  con¬ 
trast  to  pooled  sera  from  wt  C57BL/6  mice  that  demonstrated 
robust  binding  to  both  peptides  (Fig.  46).  Thus,  mAb  B4  does 
not  appear  to  cross-react  with  previously  described  Ags  or 
epitopes  important  in  this  process. 

IR  injury  restored  by  mAb  B4  in  Ragl~^~  mice  is  accompanied 
by  neutrophil  infiltration  and  the  local  generation  of 
proinflammatory  eicosanoids 

To  confirm  that  the  intestinal  IR  injury  in  Ragl~'~  mice  recon¬ 
stituted  with  mAb  B4  demonstrated  similar  characteristics  to  wt 
mice,  we  evaluated  complement  C3  deposition  (see  Fig.  6)  as  well 
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FIGURE  8.  Presence  of  natural 
Abs  to  annexin  IV.  A,  in 

contrast  to  Cr2^'~  mice  demon¬ 
strate  higher  levels  of  IgM  natu¬ 
ral  Abto  annexin  IV.  Serum  sam¬ 
ples  from  three  cohorts  of  mice, 
Cr2+/-  (n  =  9),  mice 

(n  =  14),  and  negative  control 
Rdgl~'~  (n  =  5)  mice,  were 
evaluated  for  the  presence  of  nat¬ 
ural  IgM  (left  panel)  and  IgG 
(right panel)  Abs  to  bacterial  an¬ 
nexin  IV.  The  figures  are  repre¬ 
sentative  of  two  independent  ex¬ 
periments.  Statistical  significance 
was  determined  using  a  Wil- 
coxon  test.  6,  Nine  serum  sam¬ 
ples  from  healthy  humans  and 
three  from  agammaglobulinemic 
patients  were  tested  in  the  anti- 
annexin  IV  ELISA.  Substantial 
levels  of  anti-annexin  IV  IgM  Ab 
are  present  in  the  sera  of  normal 
humans. 


as  the  infiltration  of  neutrophils  and  generation  of  eicosanoids  (Fig. 
5),  all  of  which  have  been  found  in  wt  mice  undergoing  IR  injury 
(16).  To  measure  the  level  of  neutrophil  invasion  into  injured  tis¬ 
sue,  we  performed  biochemical  analyses  of  M  PO  activity  (Fig.  5). 
Ragl~'~  mice  reconstituted  with  mAb  B4  demonstrated  elevated 
MPO  activity  indistinguishable  from  wt  mice  undergoing  IR  in¬ 
jury.  Previous  studies  have  shown  that  the  neutrophil  chemoattrac¬ 
tant  LTB4  is  rapidly  produced  in  response  to  intestinal  IR  injury 
(14,  16),  and  consistent  with  the  increases  in  neutrophil  invasion, 
the  level  of  LTB4  in  Ragl~'~  mice  reconstituted  with  mAb  B4 
was  greatly  increased  as  compared  with  LTB4  generation  in  sham- 
operated  animals  (Fig.  5).  Finally,  the  proinflammatory  eicosanoid 
PGE2  also  was  elevated  in  samples  from  mice  injected  with  mAb 
B4,  but  with  marginal  significance.  In  toto,  mAb  B4  appears  to 
induce  a  proinflammatory  response  in  Ragl~'~  mice  that  is  similar 
in  nature  to  those  in  wt  mice. 

In  situ  analysis  of  mAb  B4  localization  and  complement  C3 
deposition 

It  has  been  previously  shown  that  complement  C3  is  deposited 
during  intestinal  IR  injury  (19,  23).  The  deposition  of  C3  in  rela¬ 
tion  to  mAb  B4  in  the  intestines  of  mAb  B4  treated  Ragl~'~  mice 
subjected  to  IR  was  determined  by  multicolor  immunofluorescence 
microscopy  (Fig.  6).  As  shown,  when  Ragl~'~  mice  were  recon¬ 
stituted  with  mAb  B4  and  IR  injury  was  induced,  mAb  B4  was 
detected  in  the  intestinal  microvillus  under  the  enterocyte  layer, 
possibly  being  attached  to  the  basal  membrane  of  these  cells,  and 
colocalizing  with  C3. 

Recombinant  annexin  IV  blocks  Intestinal  IR  Injury  in  wt  mice 

Although  our  data  using  mAb  B4  in  Ragl~‘~  mice  revealed  that 
this  Ab  was  sufficient  to  mediate  intestinal  IR  injury,  it  was  un¬ 
certain  as  to  whether  this  reactivity  was  necessary  in  context  of  the 
entire  natural  Ab  repertoire  in  wt  mice  to  develop  injury.  To  ad¬ 
dress  this  question,  we  used  recombinant  annexin  IV  as  an  "inhib¬ 
itor"  of  the  annexin  IV  reactive  natural  Ab  repertoire.  We  used 
annexin  IV  made  in  bacteria  because  of  the  low  yields  and  inability 
to  purify  large  amounts  of  recombinant  protein  from  F-293  cell 


membranes.  Bacterial  annexin  IV  was  produced  as  described  in 
M  aterials  and  M  ethods  and  was  >95%  pure  by  SDS-PAGE  (data 
not  shown).  As  a  control  for  the  experiments,  we  also  produced 
and  purified  to  a  similar  level  a  soluble  fragment  of  cytokeratin  19, 
to  which  the  control  mAb  D5  reacted  (data  not  shown). 

Following  i.v.  injection  of  wt  mice  5  min  before  intestinal  reper¬ 
fusion  phase  with  50  jutg/mouse  of  purified  recombinant  annexin 
IV  or  cytokeratin  19  as  a  relevant  control,  it  was  observed  that  the 
injection  of  annexin  IV  significantly  reduced  intestinal  injury  to 
the  level  of  the  sham-operated  animals  (Fig.  7Aa).  Reduction  of  IR 
injury  in  the  intestine  of  mice  injected  with  annexin  IV  was  con¬ 
firmed  using  additional  approaches.  First,  the  tissue  M  PO  content 
(Fig.  7Ab),  which  correlates  with  neutrophil  activation  and  inva¬ 
sion,  was  also  specifically  reduced  when  compared  with  controls. 
Absence  of  inflammation  in  intestine  of  mice  injected  by  annexin 
IV  before  reperfusion  phase  was  also  confirmed  by  the  finding  of 
specifically  reduced  levels  of  LTB4  and  PGE2  (Fig.  74,  c  and  cf). 
Finally,  immunofluorescence  analysis  revealed  a  greatly  dimin¬ 
ished  C3  deposition  in  annexin  IV-treated  mice  as  compared  with 
controls  (Fig.  7B).  These  data  demonstrate  that  natural  Ab  reac¬ 
tivity  with  annexin  IV  is  required  for  the  full  elaboration  of  intes¬ 
tinal  IR  injury. 

Natural  Abs  to  annexin  IV  are  diminished  in  Cr2~^~  mice 

Because  of  the  protection  from  the  development  of  intestinal  IR 
injury  in  Cr2“^“  mice,  we  sought  to  determine  whether  differential 
reactivity  to  this  particular  Ag  might  underlie  the  difference  in  IR 
susceptibility.  To  address  this  question,  we  used  an  annexin  IV 
ELISA  to  directly  compare  the  level  of  anti-annexin  IV  Ab  in 
serum  samples  from  Cr2^^^  and  Cr2~^~  mice.  Asa  negative  con¬ 
trol,  sera  from  Ragl~'~  mice  were  used  (Fig.  84).  Although  we 
were  not  able  to  see  complete  abrogation  of  anti-annexin  IV  Ab  in 
Cr2~^~  mice,  it  is  likely  that  the  diminished  natural  Ab  reactivity 
found  is  one  reason  that  Cr2“^“  mice  are  protected  from  IR  injury. 

Human  annexin  IV  is  a  similar  protein  to  mouse  annexin  IV  and 
exhibits  a  92%  protein  identity.  We  reasoned  that  it  was  relevant 
to  determine  whether  similar  natural  Ab  reactivity  to  annexin  IV  is 
present  in  humans.  Indeed,  when  compared  with  sera  from  patients 
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with  agammaglobulinemia,  there  is  IgM  reactivity  to  annexin  IV 
demonstrable  in  human  serum  (Fig.  8B).  These  data  suggest  that  a 
similar  process  of  neo-epitope  recognition  could  be  present  in  hu¬ 
mans  with  IR  injury. 

Discussion 

At  the  initiation  of  these  studies,  we  hypothesized  that  neo¬ 
epitopes  necessary  for  the  development  of  IR  injury  could  be  iden¬ 
tified  by  creating  mAbs  reactive  with  I  EC,  a  major  cellular  target 
of  reperfusion  injury.  Using  this  approach,  we  successfully  iden¬ 
tified  a  pathogenic  IgM  mAb,  designated  B4,  that  could  alone  me¬ 
diate  the  induction  of  IR  injury  in  Rdgl~'~  mice.  In  this  experi¬ 
mental  setting  mAb  B4  could  lead  to  the  fixation  of  complement 
C3  as  well  as  the  infiltration  of  neutrophils  and  elaboration  of 
proinflammatory  leukotrienes.  Using  several  approaches,  annexin 
IV  was  demonstrated  to  be  the  specific  target  A g  of  mAb  B4,  and 
no  evidence  of  cross-reactivity  of  mAb  B4  with  two  previously 
suggested  natural  Ab  targets,  phospholipids  and  nonmuscle  myo¬ 
sin,  was  found.  M  ost  importantly,  the  essential  role  for  pathogenic 
natural  Abs  reactivity  with  annexin  IV  was  confirmed  by  the  spe¬ 
cific  inhibition  of  IR  injury  in  wt  mice  using  systemically  admin¬ 
istered  recombinant  annexin  IV.  Pretreatment  of  mice  with  an¬ 
nexin  IV  blocked  tissue  injury  as  measured  by  histologic  criteria  as 
well  as  greatly  diminished  the  deposition  of  C3  and  the  elaboration 
of  additional  proinflammatory  mediators  in  the  intestine.  Sera  from 
Cr2~^~  mice,  which  are  relatively  protected  from  intestinal  IR 
injury,  showed  diminished  reactivity  with  annexin  IV.  Finally,  sera 
from  normal  human  subjects  also  demonstrated  IgM  Ab  reactivity 
with  annexin  IV,  suggesting  that  a  similar  recognition  process  may 
play  a  key  role  in  IR  injury  in  man.  In  sum,  annexin  IV  and  natural 
A  b  reactivity  to  this  membrane-associated  protein  play  an  essential 
role  in  this  medically  important  pathologic  process. 

One  major  question  is  how  access  to  annexin  IV  by  natural  Abs 
is  regulated.  It  is  likely,  based  on  what  is  known  regarding  the 
normal  distribution  of  annexin  IV  in  vivo,  that  I  EC  have  an  intra¬ 
cellular  or  internal  membrane  bi layer-associated  pool  of  protein 
that  transfers  to  the  extracellular  membrane  upon  initial  cellular 
injury.  Whether  endothelial  cells  also  elaborate  this  protein  during 
IR  injury  is  not  known  but  such  a  situation  might  also  contribute 
to  the  initial  recognition  of  annexin  IV  by  natural  Abs.  There  was 
no  evidence  of  reactivity  of  mAb  B4  with  endothelial  surfaces  as 
shown  in  Fig.  6;  however,  recognition  of  endothelial  cells  may  be 
below  the  level  of  detection  of  that  immunofluorescence  technique. 
Natural  Abs  then  likely  bind  to  several  epitopes  on  annexin  IV, 
activate  complement  and  through  this  mechanism  initiate  the  in¬ 
flammatory  cascade. 

Annexin  IV  is  a  relatively  widely  distributed  protein  and  a  mem¬ 
ber  of  a  family  of  largely  membrane-associated  proteins.  Several 
annexin  family  members  are  expressed  on  the  cell  surface,  for 
example,  annexin  II,  which  serves  as  an  angiostatin  receptor  (61). 
Annexin  VI  and  annexin  II  are  found  in  the  extracellular  space  and 
bind  fetuin-A  43.  The  precise  mechanisms  by  which  annexins  are 
transported  to  the  surface  of  the  cells  are  not  certain.  The  N -ter¬ 
minal  domain  of  annexins  is  responsible  for  binding  to  other  pro¬ 
teins  (62-  64),  and  it  is  thus  possible  that  the  extracellular  annexin 
IV  we  have  detected  is  attached  to  the  I  EC  membrane  by  being 
bound  to  another  intrinsic  membrane  protein.  Annexin  IV  has  also 
been  found  in  lipid  rafts  (65).  The  mechanism  of  raft  inclusion  is 
unknown;  however,  on  the  basis  of  this  analogy  to  other  lipid 
raft-associated  proteins,  this  may  be  through  attachment  to  a  G PI 
anchor  or  through  acylation  with  palmitate  or  myristate  (66).  A 
new  ligand  for  annexin  IV  in  the  pancreas,  GPI-anchored  sialo- 
protein  GP-2,  was  described  recently  (67).  Our  finding  that  an¬ 
nexin  IV  is  detected  on  the  I  EC  surface  even  if  the  purification 


protocol  for  these  cells  contains  EDTA,  as  well  as  the  finding  that 
recombinant  annexin  IV,  despite  of  presence  of  a  leader  peptide, 
was  not  released  from  F-293  cells  but  rather  remained  attached  to 
the  surface  in  a  Ca^^-independent  manner,  strongly  suggests  that 
it  is  not  using  the  well-described  Ca^^-dependent  phospholipid 
binding  mechanism  (40).  The  possibility  of  such  Ca^^-indepen- 
dent  binding  by  annexins  was  recently  shown  by  others  while  dem¬ 
onstrating  that  annexin  IV  could  bind  phosphatidyl  serine-  and 
phosphatidic  acid-containing  liposomes  at  low  pH  in  a  Ca^^-in- 
dependent  manner  (68)  and  that  hypoxia  sufficient  to  induce  an 
intracellular  pH  change  can  promote  certain  annexins  to  translo¬ 
cate  to  the  surface  of  the  plasma  membrane  (69). 

The  histological  analyses  clearly  showed  that  when  mAb  B4 
was  injected  into  Rdgl~'~  mice,  it  was  bound  beneath  the  basal 
membrane  of  enterocytes  in  the  villi.  mAb  B4  colocalizes  with  C3 
deposition  in  intestine  of  mice  undergoing  IR  injury,  strongly  sug¬ 
gesting  that  the  binding  of  the  mAb  to  the  Ag  results  in  comple¬ 
ment  activation.  It  is  likely  that  annexin  IV  translocates  to  the  cell 
surface  when  cells  undergo  hypoxia,  early  apoptosis,  and  perhaps 
necrosis.  This  translocation  could  also  be  facilitated  by  posttrans- 
lational  modifications  of  annexin  IV  (53). 

There  is  also  a  possibility  that  the  chronic  injury  of  epithelial 
cells  may  increase  autoantibody  production  to  annexin  IV ,  as  it  has 
been  demonstrated  that  patients  with  chronic  alcoholism  exhibit 
elevated  levels  of  IgG  autoantibodies  to  annexin  IV  (70,  71).  This 
effect  may  increase  the  level  of  self- reactivity  and  promote  the 
greater  development  of  IR  injury  in  the  setting  of  similar  levels  of 
initial  ischemia. 

Natural  Abs  to  IR  related  neo-epitopes  are  a  component  of  the 
class  of  self-protein-directed  Abs  circulating  in  the  body,  the  ma¬ 
jority  of  which  are  products  of  B-1  B  cells.  The  development  of 
B-1  B  cells  secreting  self-reactive  Abs  is  believed  to  be  Ag  de¬ 
pendent  (72).  In  this  regard,  it  is  notable  that  Cr2“/“  mice,  despite 
exhibiting  normal  quantitative  levels  of  IgG  and  IgM  isotype  Abs 
(24),  clearly  show  differences  in  natural  Ab  reactivity  to  annexin 
IV.  It  is  likely  that  the  absence  of  mouse  CR2  is  the  major  cause 
of  that  difference  (23,  25,  73).  In  addition,  while  it  has  been  shown 
that  there  is  a  decrease  in  autoantibody  production  in  experimental 
immunization-induced  models  of  self- reactivity  in  the  absence  of 
CR2,  for  example,  collagen-induced  arthritis  (74),  this  is  the  first 
report  to  our  knowledge  of  a  marked  decrease  in  natural  Ab  reac¬ 
tivity  to  specific  self-Ags  in  Cr2~^~  mice  in  the  absence  of  di¬ 
rected  immunization. 

Of  note,  CD5^  B-1  cells  do  express  mouse  CR2;  however,  they 
do  not  amplify  Ca^^  influx  in  response  to  BCR/C3dg  coengage¬ 
ment  (75)  and  also  demonstrate  a  lower  level  of  CR2  expression 
(76,  77).  These  data  have  been  interpreted  to  indicate  that,  since 
these  cells  are  already  preactivated  by  Ag  binding  to  the  BCR,  the 
cells  are  anergic  due  to  chronic,  low-grade,  chronic  stimulation  in 
vivo.  The  lower  levels  of  mouse  CR2  may  be  due  to  receptor 
shedding  or  internalization  after  being  engaged  with  its  ligand  (76, 
77).  If  natural  Ab  reactivity  to  annexin  IV  is  derived  primarily 
from  B-1  cells,  and  CR2  is  required  on  B-1  cells  for  this  process, 
this  suggests  that  in  vivo  responses  through  CR2  are  substantially 
different  than  those  found  in  vitro  using  coligation  as  an  analytic 
tool.  Of  course,  since  coligation  of  BCR  with  CR2  lowers  the 
activation  signal  in  B-2  cells  several  thousand-fold  (78),  it  is  also 
possible  that  B-2  cells  play  the  major  role  in  driving  natural  Ab 
self- reactivity  to  annexin  IV.  Finally,  since  the  absence  of  mouse 
CR2  not  only  changes  the  B-2  cell  activation  threshold  to  immune 
complexes  but  also  greatly  alters  follicular  dendritic  cell/immune 
complex  networks  (79)  and  diminishes  Ab  responses  to  T-inde- 
pendent  Ags  (73),  additional  mechanisms  may  play  important  roles 
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in  the  lack  of  development  of  natural  Abs  to  annexin  IV  in  the 
absence  of  this  receptor. 

Finally,  it  is  worth  considering  how  natural  Ab  reactivity  to 
annexin  IV  relates  to  nonmuscle  myosin  and  phosopholipids,  both 
of  which  have  been  previously  suggested  as  targets  for  natural  A  bs 
in  IR-induced  injury  and,  at  least  with  regard  to  nonmuscle  myo¬ 
sin,  as  necessary  for  the  development  of  tissue  injury  in  vivo. 
There  are  several  reasons  that  might  explain  these  findings.  One 
possibility  is  that  serial  recognition  of  several  epitopes  that  are 
displayed  in  a  stereotypic  fashion  during  the  development  of  cell 
apoptosis/necrosis  is  required  to  initiate  complement-dependent 
injury.  In  that  setting,  interruption  of  reactivity  of  natural  Abs  to 
any  one  of  the  Ags  could  ameliorate  the  process.  A  second  pos¬ 
sibility  is  that  epitopes  are  expressed  at  the  same  time  but  on 
unique  cell  populations,  for  example,  nonmuscle  myosin  on  endo¬ 
thelial  cells  and  annexin  IV  on  lECs,  and  recognition  of  each  cell 
type  is  necessary  for  full  injury  development.  A  third  possibility  is 
that  all  of  these  proteins  come  together  in  protein/phospholipid 
complexes  that  are  exposed  during  IR,  and  binding  of  natural  Abs 
to  several  of  the  epitopes  is  necessary  to  activate  complement  and 
induce  injury.  What  argues  against  these  hypotheses  is  that  indi¬ 
vidual  IgM  mAbs  can  transfer  injury  in  Rdgl~'~  mice.  However, 
it  is  possible  that  a  high  dose  of  individual  injected  IgM  mAbs  can 
overcome  restriction  points  that  would  be  present  in  wt  mice  with 
lower  levels  of  natural  Abs.  Certainly  going  forward,  it  will  be 
necessary  to  better  understand  the  physicochemical  and  quantita¬ 
tive  relationships  between  the  various  neo-epitopes  that  are  im¬ 
portant  in  injury  as  well  as  the  natural  Abs  that  recognize  them. 

In  summary,  we  propose  that  annexin  IV  is  a  major  IR  related 
neo-epitope  that  is  recognized  by  pathogenic  natural  Abs.  Further 
explorations  of  the  mechanisms  of  natural  Ab  induced  injury,  a 
determination  of  how  and  where  annexin  IV  epitopes  are  dis¬ 
played,  and  the  development  of  a  better  understanding  of  how  this 
component  of  the  natural  A  b  repertoire  is  positively  selected  by  the 
presence  of  CR2  are  particularly  relevant  areas  for  future 
investigation. 
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Multiple  elements  are  known  to  participate  in  ischemia/reperfusion  (I/R)-mediated  tissue  injury. 
Amongst  them,  B  cells  have  been  shown  to  contribute  by  the  production  of  antibodies  that  bind  to 
ischemic  cells  and  fix  complement.  It  is  currently  unknown  whether  B  cells  participate  through  antibody- 
independent  mechanisms  in  the  pathogenesis  of  I/R.  In  a  mesenteric  I/R  model  we  found  that  B  cells 
infiltrate  the  injured  intestine  of  normal  and  autoimmune  mice  2  h  after  reperfusion  is  established.  B  cell 
depletion  protected  mice  from  the  development  of  I/R-mediated  intestinal  damage.  The  protection 
conferred  by  B  cell  depletion  was  significantly  greater  in  MRL//pr  mice.  Finally,  we  show  that  ischemic 
tissue  expressed  the  B  cell-attractant  CXCL13  and  infiltrating  B  cells  expressed  the  corresponding 
receptor  CXCR5.  Our  data  grant  B  cells  an  antibody-independent  role  in  the  pathogenesis  of  intestinal  I/R 
and  suggest  that  B  cells  accumulate  in  the  injured  tissue  in  response  to  the  chemokine  CXCL13. 

©  2009  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

An  intense  inflammatory  reaction  is  produced  in  tissues  tran¬ 
siently  deprived  of  blood  flow  during  reperfusion.  The  mechanisms 
that  trigger  inflammation  in  this  model  known  as  ischemia/reper¬ 
fusion  (1/R)  and  the  pathways  involved  in  its  development  and 
ampliflcation  have  been  identifled  only  partially  [1].  The  rapid 
kinetics  with  which  inflammation  and  tissue  damage  occur  in 
organs  affected  by  1/R  indicates  that  the  involved  elements  are 
triggered  directly  by  signals  originated  in  the  ischemic  cells  and 
implies  that  more  complex  mechanisms  such  as  antigen  uptake  and 
presentation  followed  by  expansion  of  clones  of  speciflc  lympho¬ 
cytes  do  not  participate.  Indeed,  constituents  of  the  innate  immune 
system  including  reactive  oxygen  species,  cytokines  and  chemo- 
kines,  complement,  natural  antibodies,  and  neutrophils  have  been 
shown  to  be  key  players  in  1/R-induced  tissue  injury  [1].  Interest¬ 
ingly,  T  cells  have  also  been  implicated  in  the  pathogenesis  of  1/R 

[2] .  They  accumulate  in  damaged  areas  of  the  intestine  of  mice 
subjected  to  mesenteric  artery  occlusion  as  early  as  1  h  into  the 
reperfusion  phase  [3].  The  ability  of  infiltrating  T  cells  to  cause 
tissue  damage  in  the  setting  of  1/R  has  been  demonstrated  to 
depend  on  the  production  of  the  pro-inflammatory  cytokine  lL-17 

[3] .  This  suggests  that  T  cells  amplify  the  inflammatory  response  by 
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producing  factors  that  attract  and  activate  effector  cells  such  as 
neutrophils. 

B  cells  have  been  shown  to  play  central  roles  in  the  development 
of  human  and  murine  autoimmune  inflammatory  diseases  [4]. 
Likewise,  they  have  been  implicated  in  the  pathogenesis  of 
1/R-mediated  tissue  injury  [5].  Mainly  regarded  as  cells  that 
differentiate  into  antibody-producing  cells,  B  lymphocytes  perform 
several  tasks  aside  from  producing  antibodies.  They  detect  and 
process  soluble  antigens  and  present  them  to  T  cells;  produce 
cytokines  and  express  surface  molecules  that  activate  other  cells. 
Moreover,  they  are  equipped  with  receptors  that  allow  them  to 
become  activated  in  the  presence  of  inflammatory  signals.  B  cells 
have  been  shown  to  be  able  to  instigate  the  inflammatory  response 
by  mechanisms  not  limited  to  antibody  production  even  in  settings 
such  as  murine  lupus  in  which  antibodies  are  considered  as 
a  pathogenic  element  [6].  Antibodies  and  complement  are  known 
to  be  central  in  the  pathogenesis  of  1/R  [1].  In  fact,  antibody-con¬ 
taining  serum  has  been  shown  to  restore  disease  in  B  cell-deficient 
animals  in  models  of  renal  [7]  and  intestinal  1/R  [8,9].  In  this  work 
we  investigated  whether  B  cells  contribute  to  1/R  injury  in  an 
antibody-independent  manner  in  normal  and  autoimmune  mice. 
We  demonstrate  that  ischemia  up-regulates  the  expression  of  the  B 
cell-chemoattractant  CXCL13  which  induces  B  cell  recruitment  to 
damaged  areas  of  the  intestine  and  we  show  that  B  cell  depletion  in 
mice  with  intact  levels  of  circulating  antibodies  ameliorates  tissue 
injury  in  a  model  of  mesenteric  1/R. 
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2.  Methods 

2.1.  Mice 

Adult  male  B6.MRLTn/rs/6'P''  (B6.MRL//pr)  and  C57BL/6  mice 
were  obtained  from  The  Jackson  Laboratory  (Bar  Harbor,  ME),  and 
housed  in  the  animal  facility  of  the  Beth  Israel  Deaconess  Medical 
Center. 


2.2.  Reagents 

The  following  antibodies  were  used  for  immunofluorescence 
studies:  FlTC-labeled  anti-mouse  B220  (BD  Pharmingen)  was  used 
in  flow  cytometry  studies.  Anti-mouse  CXCL13  (R&D  systems),  rat 
anti-mouse  B220  (BD  Pharmingen),  rat  anti-mouse  CXCR5  (BD 
Pharmingen)  were  used  in  immunohistochemistry  studies.  FlTC- 
labeled  anti-B220  and  PE-labeled  anti-CXCR5  (BD  Pharmingen) 
were  used  for  immunofluorescence  and  confocal  microscope 
imaging. 


2.3.  Ischemiafreperfusion  protocol 

After  an  acclimation  period  of  at  least  7  days,  mice  were 
prepared  for  surgery.  Anesthesia  was  induced  with  ketamine 
(10  mg/kg),  xylazine  (2  mg/kg),  and  acepromazine  (0.3  mg/kg), 
administered  by  i.p.  injection.  Anesthesia  was  maintained  during 
the  entire  experiment.  All  procedures  were  performed  with  the 
animals  breathing  spontaneously  and  body  temperature  main¬ 
tained  at  37  °C  using  a  water-circulating  heating  pad.  Research  was 
conducted  in  compliance  with  the  Animal  Welfare  Act  and  other 
Federal  statutes  and  regulations  relating  to  animals  and  experi¬ 
ments  involving  animals,  and  adheres  to  principles  stated  in  the 
Guide  for  the  Care  and  Use  of  Laboratory  Animals,  NRC  Publication, 
1996  edition.  All  procedures  were  reviewed  and  approved  by  the 
Institute’s  Animal  Care  and  Use  Committee,  and  performed  in 
a  facility  accredited  by  the  Association  for  Assessment  and 
Accreditation  of  Laboratory  Animal  Care,  International. 

Animals  were  subjected  to  1/R  as  previously  described  [10]. 
Briefly,  a  midline  laparotomy  was  performed  before  a  30-min 
equilibration  period.  The  superior  mesenteric  artery  was  identifled 
and  isolated,  and  a  small  non-traumatic  vascular  clamp  was  applied 
for  30  min.  After  this  ischemic  phase,  the  clamp  was  removed  and 
the  intestine  was  allowed  to  reperfuse  for  3  h.  As  sham  procedure, 
animals  were  subjected  to  the  same  surgical  intervention  without 
artery  occlusion.  The  laparotomy  incisions  were  sutured  and  the 
animals  were  monitored  during  the  reperfusion  period.  Additional 
ketamine  and  xylazine  was  administered  by  i.m.  injection  imme¬ 
diately  before  euthanasia.  There  was  no  significant  difference  in 
survival  between  treatment  and  control  groups.  After  euthanasia, 
the  small  intestine  (20  cm  distal  to  the  gastroduodenal  junction) 
was  removed  for  histological  and  immunofluorescence  analysis  as 
described  below. 


2.4.  B  cell  depletion 

In  some  experiments,  B  cells  were  depleted  using  a  monoclonal 
anti-mouse  CD20  antibody  as  previously  described  [11].  Briefly, 
anti-mouse  CD20  or  a  control  lgG2a  monoclonal  antibody  was 
administered  in  a  single  i.p.  injection  9  days  prior  to  the  1/R 
procedure.  Control  C57B1/6  mice  received  20  pg  (per  mice)  of 
antibody.  In  MRL//pr  mice  the  antibody  dose  had  to  be  escalated  to 
250  pg  (per  mice)  to  achieve  comparable  B  cell  depletion. 


2.5.  Histology  and  immunofluorescence 

To  prepare  specimens  for  histological  analysis,  20-cm  segments 
of  small  intestine  specimens  were  fixed  in  10%  buffered  Formalin 
phosphate  immediately  after  euthanasia.  Next,  tissues  were 
embedded  in  paraffin,  sectioned  transversely  in  5  pm  sections,  and 
stained  with  Giemsa.  In  each  section,  50-100  villi  were  graded  on 
a  six-tiered  scale,  as  previously  described  [10].  Briefly,  a  score  of 
0  was  assigned  to  a  normal  villus;  villi  with  tip  distortion  were 
scored  as  1 ;  villi  lacking  goblet  cells  and  containing  Guggenheims’ 
spaces  were  scored  as  2;  villi  with  patchy  disruption  of  the  epithelial 
cells  were  scored  as  3;  villi  with  exposed  but  intact  lamina  propria 
and  epithelial  cell  sloughing  were  assigned  a  score  of  4;  villi  in  which 
the  lamina  propria  was  exuding  were  scored  as  5;  and  finally,  villi 
displaying  hemorrhage  or  denudation  were  scored  as  6.  All  histo¬ 
logical  analysis  was  performed  in  a  blinded  manner. 

B  cell  infiltration  into  intestinal  tissue  was  quantified  using 
Nikon  NlS-Elements  software  in  four  to  six  fields  per  animal. 
Pictures  of  the  immunohistochemistry  stained  (anti-B220)  and 
control  sides  of  each  slide  were  taken  at  200  x  magnification. 
Objects  above  threshold  level  were  counted  as  square  pixels  in 
areas  of  the  same  size.  These  numbers  were  entered  into  a  Micro¬ 
soft  Excel  spreadsheet  for  each  animal  and  treatment  group. 

For  immunofluorescence,  small  intestine  sections  were  snap- 
frozen  to  -70  °C,  and  sections  were  cut  with  a  cryostat  and  fixed  in 
acetone.  Samples  were  blocked  in  PBS  + 10%  FCS.  Sections  were 
incubated  overnight  with  the  primary  antibodies  (1:100).  After 
thorough  washing,  secondary  antibodies  were  incubated  for  1  h. 
Sections  were  counterstained  with  DAPl  (0.5  pg/mL)  and  mounted 
using  anti-fade  solution  (Slowfade  Gold,  Invitrogen).  Finally,  slides 
were  scanned  in  a  Nikon  Eclipse  Ti  confocal  microscope.  Images 
were  analyzed  with  EZ-Cl  v.3.6  software. 

2.6.  Reverse  transcription  PCR 

Total  RNA  was  isolated  from  intestine  tissue  using  Trizon 
(Invitrogen).  It  was  reverse  transcribed  into  cDNA  using  Superscript 
preamplification  kit  and  amplified  with  specific  primers  (CXCL13, 
sense  5'-TCTCTCCAGGCCACGGTATrCT-3',  anti-sense  S'-ACCATITG 
GCACGAGGArrCAC-3';  CXCR5,  sense  5'-  GCTGTCGTCTGTCACTGG 
TC-3',  anti-sense  5'-ACATCTrCCTGTrnTAnT-3'). 

2.7.  Statistical  analyses 

Data  are  presented  as  mean  ±  SEM.  All  data  were  subjected  to 
statistical  analysis  using  Microsoft  Excel  software  and  GraphPad 
Prime  4  software.  A  p  <  0.05  was  considered  significant. 

3.  Results 

3.1.  Increased  numbers  ofB  cells  enter  intestinal  tissue  subjected  to 
I/R  injury 

To  investigate  the  trafficking  pattern  of  B  cells  during  1/R 
intestinal  injury,  we  subjected  C57B1/6  mice  to  30  min  mesenteric 
artery  occlusion  followed  by  either  1  or  3  h  reperfusion.  Signifi¬ 
cant  (p<  0.001)  numbers  of  B220'^  B  cells  were  detected  in  the 
intestinal  tissue  3  h  after  the  initiation  of  the  reperfusion  phase.  B 
cell  accumulation  was  mostly  observed  in  the  basal  portions  of  the 
intestinal  villi  and  within  Payer’s  patches  (Fig.  2A).  The  numbers 
of  intestinal  B  cells  did  not  differ  between  animals  subjected  to 
sham  procedure  and  animals  allowed  to  reperfuse  for  only  1  h 
(Fig.  1). 

In  order  to  corroborate  the  histological  data,  we  isolated  Payer’s 
patches  from  mice  subjected  to  1/R  and  sham  procedures  and 
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Sham  IR  Ih  IR  3h 


Fig.  1.  B  cells  infiltrate  ischemic  intestine  during  reperfusion.  (A)  C57B1/6  mice  were  subjected  to  sham  procedure  or  1/R.  Immunohistochemistry  was  performed  with  an  anti-B220 
antibody.  Magnification  200x.  (B)  B  ceil  infiltration  was  quantified  with  image  analysis  software.  *p  <  0.001  when  compared  to  sham  mice. 


quantified  the  percentage  of  cells  positive  for  the  B  cell  marker 
B220  with  flow  cytometry.  As  shown  in  Fig.  2B  and  C,  the  B220'*' 
Payer’s  patch  cell  fraction  increased  from  36.8  ±  5.5  in  sham  oper¬ 
ated  mice  to  60.0  ±  7.0  in  mice  subjected  to  ischemia  and  2  h 
reperfusion  and  to  66.7  ±  6.1  in  mice  after  ischemia  and  3  h 
reperfusion.  These  results  confirm  that  1/R  increases  the  number  of 
intestinal  B  cells  and  indicate  that  B  cells  infiltrate  ischemic  intes¬ 
tine  after  2  h  of  reperfusion. 


3.2.  I/R  induces  B  cell  infiltration  into  I/R  injured  intestinal  tissue 
in  MRL/lpr  mice 

1/R-mediated  tissue  injury  has  been  shown  to  be  amplified  in 
autoimmune-prone  MRl/Zpr  mice  [3,8].  Circulating  auto-antibodies 
[8],  as  well  as  increased  infiltration  of  lL-17-producing  T  cells  [3] 
have  been  reported  to  contribute  to  this  phenomenon.  In  order  to 
determine  whether  lVIRL//pr  mice  exhibit  increased  B  cell 


Sham  IR  2h  IR  3h  Sham  IR  2h  IR  3h 


Fig.  2.  1/R  leads  to  an  increase  in  the  number  of  B  cells  within  Payer’s  patches.  (A)  The  number  of  B220+  cells  in  Payer’s  patches  increases  following  1/R  (magnification  200x).  (B) 
Payer’s  patches  were  isolated  and  cells  were  stained  with  anti-B220  antibody.  B  cells  were  quantified  in  a  flow  cytometer.  (C)  Cumulative  data  of  flow  cytometry  experiments  (n  =  7 
per  group).  *p  <  0.001  when  compared  to  Sham. 
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Fig.  3.  MRL//pr  mice  are  resistant  to  complete  B  cell  depletion.  A  depleting  anti-mouse  CD20  antibody  was  administered  in  a  single  dose  to  mice  9  days  before  1/R  was  induced. 
C57B1/6  mice  received  20  pg  per  mice;  MRL//pr  received  250  pg  per  mice.  Cellular  suspensions  from  blood  and  spleen  were  stained  with  anti-B220  and  analyzed  by  flow  cytometry. 


infiltration  into  tissue  subjected  to  I/R,  we  subjected  twenty 
month-old  MRl/Zpr  mice  to  sham  or  1/R  procedures.  Kinetics  and 
intensity  of  B  cell  tissue  infiltration  were  similar  to  those  observed 
in  normal  C57B1/6  mice  suggesting  that  B  cell  infiltration  into 
ischemic  tissue  is  guided  by  the  same  mechanism  in  both  normal 
and  autoimmunity-prone  mice  (Fig.  2D). 


3.3.  B  cell  depletion  reduces  IlR-mediated  intestinal  injury 

To  establish  whether  B  cell  infiltration  has  pathogenic  signifi¬ 
cance  in  intestinal  1/R,  we  depleted  B  cells  from  C57B1/6  and  MRL/ 
Ipr  mice.  B  cells  were  depleted  with  a  single  injection  of  an  anti- 
CD20  antibody,  9  days  before  1/R  [11  ].  Complete  B  cell  depletion  was 
achieved  in  peripheral  blood.  Payer’s  patches,  peritoneum,  and 
spleen  of  C57B1/6  mice  using  20  pg  per  mouse.  In  contrast,  total  B 
cell  depletion  was  not  observed  in  spleen  and  Payer’s  patches  from 
MRl/Zpr  mice,  even  when  a  much  higher  antibody  dose  (250  pg  per 
mouse)  was  used  (Fig.  3  and  data  not  shown). 


As  shown  in  Fig.  4A,  B  cell  depletion  significantly  reduced 
intestinal  tissue  damage.  Injury  score  in  B  cell-sufficient  C57B1/6 
mice  was  5.1  ±0.04.  After  B  cell  depletion,  tissue  injury  was 
reduced  to  3.9  ±  0.11  (p  <  0.01).  Intestinal  injury  was  also  reduced 
in  MRl/Zpr  mice  from  5.75  ±  0.07  to  3.58  ±  0.23  after  B  cells  were 
depleted  (p  <  0.01 ).  Albeit  complete  B  cell  depletion  could  not  be 
achieved  in  MRl/Zpr  mice,  the  reduction  in  tissue  injury  score  was 
significantly  greater  in  MRL//pr  mice  than  in  control  littermates 
(p  <  0.05).  Antibody  titers  are  not  immediately  modified  by  anti- 
CD20  treatment  [11  ].  Thus,  these  results  indicate  that  B  cells  play  an 
antibody-independent  role  in  1/R-induced  intestinal  injury. 

3.4.  CXCU3  expression  is  locally  induced  by  I/R  injury 

We  hypothesized  that  the  B  cell-chemoattractant  CXCL13  could 
be  involved  in  the  migration  of  B  cells  into  areas  of  injured  intes¬ 
tine.  CXCL13  is  known  to  guide  the  entry  of  B  cells  into  follicles  and 
inflamed  tissues  [12,13].  Thus,  we  sought  the  expression  of  this 
chemokine  by  immunohistochemistry  in  intestinal  tissue  from 
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Fig.  4.  B  cell  depletion  reduces  1/R-induced  intestinal  tissue  injury.  (A)  Tissue  injury  score  was  signiflcantly  reduced  in  C57B1/6  (left  panel)  and  MRL//pr  (right  panel)  mice  depleted 
of  B  cells  (black  bars)  when  compared  to  B  cell-sufficient  mice  (white  bars).  *p  <  0.01.  (B)  The  reduction  in  tissue  injury  scores  was  signiflcantly  greater  in  MRL//pr  mice  than  in 
control  mice.  *p  <  0.05. 
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Fig.  5.  CXCL13  expressed  by  injured  tissue  recruits  CXCR5+  ceils.  Anti-CXCL13  (A)  and  anti-CXCR5  (B)  antibodies  were  used  to  stain  frozen  sections  from  C57Bi/6  and  MRL//pr  mice 
subjected  to  I/R  (left  panels)  or  sham  (right  panel)  procedures  (n  =  5).  Magnification  200x.  (C)  Total  RNA  was  extracted  from  intestinal  tissue  of  mice  that  had  undergone  1/R  or  sham 
(Sh)  procedures.  CXCL13  and  CXCR5  transcripts  were  amplified  by  reverse  transcriptase-PCR. 


mice  subjected  to  sham  and  I/R  procedures.  CXCL13  was  not 
observed  in  intestine  not  subjected  to  ischemia  (sham).  In  contrast, 
CXCL13  was  abundantly  expressed  in  injured  areas  of  intestine 
damaged  by  I/R  (Fig.  5A).  To  confirm  this  finding,  we  isolated  total 
RNA  from  intestinal  tissue.  We  were  able  to  detect  specific  CXCL13 


and  CXCR5  transcripts  only  in  lysates  from  mice  subjected  to  I/R. 
Congruent  with  the  histological  findings,  CXCL13  and  CXCR5  mRNA 
were  completely  absent  in  control  intestine  (Fig.  5C). 

To  confirm  the  importance  of  this  finding,  we  stained  intestinal 
tissue  with  an  antibody  against  the  receptor  of  CXCL13  (CXCR5).  As 


Fig.  6.  CXCR5  expression  is  limited  to  B  cells.  Intestinal  sections  C57B1/6  mice  subjected  to  1/R  were  stained  with  FlTC-labeled  anti-B220  and  PE-labeled  anti-CXCR5  antibody  and 
scanned  in  a  confocal  microscope. 
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expected,  CXCR5  was  exclusively  present  in  intestinal  sections  from 
mice  subjected  to  1/R  (Fig.  5B).  In  order  to  exclude  the  expression  of 
CXCR5  in  cells  different  than  B  cells,  we  performed  dual  color 
immunofluorescence  with  FlTC-labeled  anti-B220  and  PE-labeled 
anti-CXCR5.  As  shown  in  Fig.  6,  confocal  microscope  scanning 
demonstrated  colocalization  of  B220  and  CXCR5  in  intestine  of 
animals  subjected  to  1/R. 

Taken  together,  our  results  indicate  that  intestine  affected  by  1/R 
expresses  the  chemokine  CXCL13  that  attracts  CXCR5+  B  cells  into 
damaged  areas.  B  cell  infiltration  is  involved  to  some  extent  in  the 
tissue  injury  process,  as  demonstrated  by  B  cell  depletion 
experiments. 

4.  Discussion 

Experiments  reported  in  this  communication  grant  B  cells  an 
antibody-independent  role  in  1/R-mediated  intestinal  injury. 
Eurther,  we  describe  the  kinetics  with  which  they  infiltrate  the 
ischemic  tissue  and  identify  a  chemokine  involved  in  their 
recruitment.  Our  data  indicate  that  an  analogous  process  occurs  in 
MRE/Zpr  mice  with  similar  kinetics  and  intensity. 

B  cells  contribute  to  tissue  pathology  in  immune-mediated 
disorders  not  only  by  producing  antibody  but  also  through  other 
mechanisms  which  may  involve  antigen  presentation  and  cytokine 
production  [4,14].  The  development  of  anti-B  cell  therapies  that 
spare  plasma  cells  and  thus  circulating  antibodies  has  demon¬ 
strated  that  B  cells  are  involved  in  autoimmune  and  inflammatory 
conditions  in  an  antibody-independent  fashion  [6,15].  Although 
antibodies,  particularly  cationic  auto-antibodies  capable  of  binding 
negatively-charged  phospholipids  exposed  after  cell  injury,  have 
been  considered  the  main  mechanism  by  which  B  cells  contribute 
to  1/R-induced  tissue  injury  [7-9,16-18],  our  data  demonstrate  that 
B  cell  depletion  decreases  tissue  injury  in  mice  which  carry  intact 
levels  of  circulating  antibodies  [19].  Interestingly,  the  protective 
effect  of  B  cell  depletion  was  significantly  greater  in  the  autoim¬ 
mune  mouse  strain  suggesting  that  B  cells  in  the  MRE/Zpr  mouse  are 
capable  of  causing  more  damage  than  in  the  normal  mouse 
(Fig.  4B). 

Our  results  indicate  that  B  cells  appear  in  the  ischemic  tissue 
between  2  and  3  h  after  circulation  is  restored.  This  behavior 
contrasts  with  the  earlier  time  in  which  T  cells  are  observed  to 
infiltrate  intestine  subjected  to  1/R  [3].  Interestingly,  we  have 
previously  shown  that  infiltrating  T  cells  produce  lL-17  [3].  This 
suggests  that  T  cells  might  contribute  to  B  cell  infiltration  by 
producing  the  B  cell-chemoattractant  CXCL13.  This  chemokine  has 
been  shown  to  be  a  product  of  lL-17-producing  T cells  [20] ;  this  fact, 
added  to  the  kinetics  of  infiltration  of  each  cell  type  suggests  that 
products  secreted  by  early  infiltrating  T  cells  play  a  role  in  the 
amplification  of  the  inflammatory  response  by  recruiting  effector 
cells.  The  whole  process  seems  to  be  enhanced  in  autoimmune- 
prone  mice.  Should  our  results  be  reproduced  in  additional  models 
of  1/R  injury  and  particularly  in  those  closely  resembling  myocardial 
infarction  and  organ  transplant,  B  cell  depletion  may  prove  of 
clinical  value  in  multiple  related  clinical  conditions. 
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Abstract  Elements  of  the  innate  and  adaptive  immune  response  have  been  implicated  in  the 
development  of  tissue  damage  after  ischemic  reperfusion  (l/R).  Here  we  demonstrate  that  Tcells 
infiltrate  the  intestine  of  C57BL/6  mice  subjected  to  intestinal  l/R  during  the  first  hour  of 
reperfusion.  The  intensity  of  the  T cell  infiltration  was  higher  in  B6.MRL//pr  mice  subjected  to 
intestinal  l/R  and  reflected  more  severe  tissue  damage  than  that  observed  in  control  mice. 
Depletion  of  T  cells  limited  l/R  damage  in  B6.MRL//pr  mice,  whereas  repletion  of  B6.MRL//pr 
lymph  node-derived  T cells  into  the  l/R-resistant  Rag-r^~  mouse  reconstituted  tissue  injury.  The 
tissue-infiltrating  T  cells  were  found  to  produce  IL-17.  Finally,  IL-23  deficient  mice,  which  are 
known  not  to  produce  IL-17,  displayed  significantly  less  intestinal  damage  when  subjected  to  l/R. 
Our  data  assign  T  cells  a  major  role  in  intestinal  l/R  damage  by  virtue  of  producing  the  pro- 
inflammatory  cytokine  IL-17. 

©  2008  Elsevier  Inc.  All  rights  reserved. 


^  The  opinions  expressed  herein  are  those  of  the  authors  and  do 
not  represent  those  of  the  Department  of  Defense. 

*  Corresponding  author.  Fax:  +1  617  435  4170. 

E-mail  address:  gtsokos@bidmc.harvard.edu  (G.C.  Tsokos). 

^  C.  E.  and  J.  C.  C.  contributed  equally  to  this  work. 


Introduction 

Ischemia/reperfusion  (l/R)  represents  a  model  of  tissue 
injury  in  which  circulation  is  reinstalled  in  an  organ 
transiently  deprived  of  blood  flow.  The  ischemic  insult 
alters  the  affected  tissue  making  it  susceptible  to  inflam¬ 
matory  damage  during  reperfusion.  Furthermore,  mediators 
produced  in  the  ischemic  areas  diffuse  when  circulation  is 
restored  and  cause  inflammation  in  remote  organs  not 
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exposed  to  ischemia  [1].  Several  molecules  and  cells  have 
been  implicated  in  l/R.  These  include  mainly  elements  of 
the  innate  immune  response  such  as  reactive  oxygen 
species,  cytokines  and  chemokines,  complement,  natural 
antibodies,  and  neutrophils  [1].  The  adaptive  immune 
system  has  not  yet  been  assigned  a  definitive  role  in  the 
production  of  tissue  injury  in  classical  models  of  l/R. 
Nevertheless,  recent  evidence  suggests  that  T  cells  parti¬ 
cipate  actively  in  l/R  injury  as  they  have  been  found  to 
enter  the  damaged  tissue  early  after  circulation  is  restored 
[2].  T  cell  depletion  has  been  shown  to  diminish  organ 
damage  in  intestinal  [3],  hepatic  [4],  and  kidney  models  of 
l/R  [5].  Although  the  mechanism  by  which  T cells  contribute 
to  tissue  injury  is  not  completely  understood,  secretion  of 
pro-inflammatory  cytokines  is  probably  involved.  Hence, 
IFN-7  and  TNF-a  have  been  linked  to  tissue  damage  in  the 
setting  of  l/R  [5,6]. 

l/R-mediated  organ  damage  has  relevance  to  a  number  of 
clinical  settings  that  include  acute  organ  infarction,  shock, 
and  organ  transplantation  [1].  The  model  is  also  relevant  in 
the  study  of  systemic  lupus  erythematosus  (SLE),  a  chronic 
inflammatory  disease  of  autoimmune  etiology  strongly 
associated  with  vascular  injury  [7,8].  In  patients  with  SLE, 
a  number  of  pathogenic  pathways  converge  to  cause  vascular 
damage.  These  include  thrombotic  diathesis  [9],  accelerated 
atherosclerosis  [8],  and  vasculitis  [10].  In  this  setting,  the 
aforementioned  factors  are  concomitant  to  an  abnormal  pro- 
inflammatory  skewed  immune  response  [11].  The  coinci¬ 
dence  of  an  inflammatory  milieu  with  the  proclivity  to 
vascular  damage  makes  patients  with  SLE  prone  to  develop 
organ  damage  due  to  l/R  phenomena.  The  importance  of  this 
fact  is  evidenced  by  the  finding  that  mice  with  lupus-like 
disease  are  more  susceptible  to  organ  damage  due  to  l/R 
than  non-autoimmune  mice  [12].  Several  facts  could  account 
for  the  increased  susceptibility  of  lupus-prone  mice  to  l/R.  In 
a  previous  communication,  we  demonstrated  that  the 
presence  of  autoantibodies  significantly  increased  the  tissue 
injury  score  after  l/R  [12]. 

In  this  communication,  we  confirm  that  tissue  injury  after 
l/R  is  increased  in  lupus-prone  mice  (B6.MRL//pr)  when 
compared  to  normal  non-autoimmune  mice.  Depletion  of  T 
cells  suppresses  the  development  of  l/R  injury,  whereas 
transfer  of  MRL//prTcells  to  the  l/R  injury-resistant  Rag- 1^'~ 
mouse,  reconstitutes  tissue  damage.  We  show  that  tissue- 
infiltrating  T  cells  produce  IL-17,  and  demonstrate  the 
pathogenic  importance  of  this  cytokine  using  a  mouse 
deficient  in  IL-23.  Although  T cell  infiltration  is  not  modified 
in  IL-23  deficient  mice,  Tcells  fail  to  produce  IL-17  and  tissue 
injury  is  significantly  reduced.  Thus,  we  propose  a  model  in 
which  T cells  infiltrate  ischemic  tissues  early  during  reperfu¬ 
sion  and  secrete  IL-17  that  acts  as  a  major  pathogenic 
element  in  intestinal  l/R  tissue  damage. 

Materials  and  methods 
Mice 

Adult  male  B6.MRLrn/rs/6^P''  (B6.MRL//pr),  BG.Rag-l  (Rag- 
r^~),  and  control  C57BL/6  mice  were  obtained  from  The 
Jackson  Laboratory  (Bar  Harbor,  ME),  and  housed  in  the 
animal  facility  of  the  Uniformed  Services  University  for 


the  Health  Sciences.  IL-23p19~^"  (IL-23-deficient  mice)  and 
their  WT  controls  were  generated  on  a  mixed  B6  X  129 
background. 

Reagents 

The  following  antibodies  were  used  for  immunofluorescence 
studies:  FITC-labeled  Armenian  hamster  anti-mouse  CD38 
(Clone  145-2C11);  FITC-labeled  rat  anti-mouse  CD4  (Clone 
RM4-5);  FITC-labeled  rat  anti-mouse  CD8  (Clone  53-6.7); 
FITC-labeled  rat-anti  mouse  Ly-6G  and  Ly-6C  (Gr-1;  Clone 
RB6-8C5);  FITC-labeled  rat  anti-mouse  CDIIb  (Integrin  aM 
chain;  Clone  Ml/70);  rat  anti-mouse  IL-17A  (Clone  TC11- 
18H10);  FITC-labeled  rat  IgG,  all  from  BD  Biosciences  (San 
Jose,  CA).  As  secondary  antibody,  affinity  purified  Texas  Red- 
labeled  goat-anti  rat  IgG  was  used  (Jackson  Immunoresearch 
Laboratories,  West  Grove,  PA). 

Ischemia  reperfusion  protocol 

After  an  acclimation  period  of  at  least  7  days,  mice  were 
prepared  for  surgery.  Anesthesia  was  induced  with  ketamine 
(16  mg/kg)  and  xylazine  (8  mg/kg)  administered  by  i.p. 
injection.  All  procedures  were  performed  with  the  animals 
breathing  spontaneously  and  body  temperature  maintained 
at  37  °C  using  a  water-circulating  heating  pad.  Research  was 
conducted  in  compliance  with  the  Animal  Welfare  Act  and 
other  Federal  statutes  and  regulations  relating  to  animals 
and  experiments  involving  animals,  and  adheres  to  principles 
stated  in  the  Guide  for  the  Care  and  Use  of  Laboratory 
Animals,  NRC  Publication,  1996  edition.  All  procedures  were 
reviewed  and  approved  by  the  Institute's  Animal  Care  and 
Use  Committee,  and  performed  in  a  facility  accredited  by 
the  Association  for  Assessment  and  Accreditation  of  Labora¬ 
tory  Animal  Care,  International. 

Animals  were  subjected  to  l/R  as  previously  described 
[13].  Briefly,  a  midline  laparotomy  was  performed  before  a 
30-min  equilibration  period.  The  superior  mesenteric  artery 
was  identified  and  isolated,  and  a  small  non-traumatic 
vascular  clamp  (Roboz  Surgical  Instruments,  Rockville,  MD) 
was  applied  for  30  min.  After  this  ischemic  phase,  the  clamp 
was  removed  and  the  intestine  was  allowed  to  reperfuse  for  1 
or  3  h.  In  some  experiments,  1  day  prior  to  surgery,  250  rig  of 
rat  anti-mouse  CD4  IgG  monoclonal  Ab  (BD  Biosciences, 
Clone  RM4-5)  was  administered  by  i.p.  injection.  As  sham 
procedure,  animals  were  subjected  to  the  same  surgical 
intervention  without  artery  occlusion.  The  laparotomy 
incisions  were  sutured  and  the  animals  were  monitored 
during  the  reperfusion  period.  Additional  ketamine  and 
xylazine  was  administered  by  i.m.  injection  immediately 
before  euthanasia.  There  was  no  significant  difference  in 
survival  between  treatment  and  control  groups.  After 
euthanasia,  the  small  intestine  10-20  cm  distal  to  the 
gastroduodenal  junction  was  removed  for  histological  and 
immunofluorescence  analysis  as  described  below. 

T.  ceil  adoptive  transfer 

Mesenteric  lymph  nodes  from  B6.MRL//pr  mice  were  iso¬ 
lated,  rinsed,  and  disrupted  to  form  a  cell  suspension.  The 
suspension  was  then  filtered  through  a  sterile  nylon  mesh 
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screen  (0.45  rim,  BD)  to  obtain  a  single  cell  suspension.  T 
cells  were  isolated  by  negative  selection  using  a  combination 
of  biotinylated  antibodies  (anti-B220,  anti-CDIIb,  anti- 
Ter119,  and  anti-CD49b)  and  streptavidin  coated  magnetic 
beads  (Dynal,  M-280).  T  cells  (5x10^  per  mouse)  were 
transferred  into  Ra^-1'^  mice  by  tail  vein  injection.  One 
week  later,  mice  were  subjected  to  l/R. 

Histology  and  immunofluorescence 

To  prepare  specimens  for  histological  analysis,  2-cm  seg¬ 
ments  of  small  intestine  specimens  were  fixed  in  10% 
buffered  Formalin  phosphate  immediately  after  euthanasia. 
Next,  tissues  were  embedded  in  paraffin,  sectioned  trans¬ 
versely  in  5-  to  7-rim  sections,  and  stained  with  Giemsa.  In 
each  section,  50-100  villi  were  graded  on  a  six-tiered  scale, 
as  previously  described  [13].  Briefly,  a  score  of  0  was 
assigned  to  a  normal  villus;  villi  with  tip  distortion  were 
scored  as  1;  villi  lacking  goblet  cells  and  containing 
Guggenheims'  spaces  were  scored  as  2;  villi  with  patchy 
disruption  of  the  epithelial  cells  were  scored  as  3;  villi  with 


exposed  but  intact  lamina  propria  and  epithelial  cell 
sloughing  were  assigned  a  score  of  4;  villi  in  which  the 
lamina  propria  was  exuding  were  scored  as  5;  and  finally,  villi 
displaying  hemorrhage  or  denudation  were  scored  as  6.  All 
histological  analysis  was  performed  in  a  blinded  manner. 

For  immunofluorescence,  small  intestine  sections  were 
snap-frozen  to  -70  °C,  and  sections  were  cut  with  a  cryostat 
and  fixed  in  acetone.  Samples  were  blocked  in  PBS  + 10%  FCS. 
Sections  were  incubated  overnight  with  the  primary  anti¬ 
bodies  (1:100).  After  thorough  washing,  secondary  anti¬ 
bodies  were  incubated  for  1  h.  Sections  were  counterstained 
with  DAPI  (0.5  rig/mL)  and  mounted  using  anti-fade  solution 
(Slowfade  Gold,  Invitrogen).  Finally,  slides  were  scanned  in  a 
Nikon  Eclipse  Ti  confocal  microscope.  Images  were  analyzed 
with  EZ-C1  v.3.6  software.  To  quantify  cellular  infiltrates, 
digital  photomicrographs  of  stained  sections  were  processed 
with  the  ImageJ  software  (ImageJ  1.35,  NIH)  which  quanti¬ 
fies  the  pixel  density  (pixel  density  per  area  unit)  of  stained 
cells  present  in  each  field.  Five  random  fields  (at  a  power  of 
200x)  were  examined  per  tissue  per  animal  in  a  blinded 
fashion. 
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Figure  1  CD4^  T  cells  infiltrate  ischemic  intestine  early  during  reperfusion.  Representative  processed  photomicrographs  of  a  B6 
mouse  subjected  to  sham  (A)  or  l/R  (B)  procedure  (CD4^  cells  are  highlighted  in  magenta).  Increased  numbers  of  CD4^  T cells  were 
observed  in  intestines  from  mice  subjected  to  l/R  (B),  as  compared  to  non-ischemic  intestines  from  control  mice  (A).  (C)  Cumulative 
data  expressed  as  square  pixel  density  from  sham  and  l/R  mice  sacrificed  at  1  and  3  h  after  reperfusion.  (D)  Infiltration  of  Gr-T  cells  in 
intestinal  tissue  of  mice  subjected  to  sham  surgery  (white  bars)  or  superior  mesenteric  artery  occlusion  (black  bars).  Intestines  were 
stained  1  h  after  reperfusion  and  cell  infiltration  was  quantified  as  square  pixel  density.  Although  Gr-r  cells  showed  a  trend  to 
increase  in  l/R  mice  (D),  the  difference  did  not  reach  statistical  significance  (p  =  0.26).  Likewise,  there  was  no  significant  difference  in 
the  number  of  CDllb+  (p  =  0.12)  and  CD8^  cells  (p  =  0.75)  in  mice  subjected  to  l/R  injury  when  compared  to  mice  that  underwent  the 
sham  procedure  (E  and  F,  respectively).  *p<0.001. 
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Statistical  analysis 


CD4^  T  cell  infiltration  is  amplified  in  MRL  mice 


Data  are  presented  as  mean±SEM.  Data  were  compared  by 
one-way  ANOVA  with  post  hoc  analysis  using  Newman-Keuls 
test  (GraphPad/lnstat  Software).  For  nonparametric  analysis 
of  mucosal  injury,  data  was  compared  using  Kruskal-Wallis 
test  with  Dunn  post  analysis.  A  p<0.05  was  considered 
significant. 

Results 

CD4*  T  cells  infiltrate  damaged  intestine  early 
during  reperfusion 

To  determine  which  cell  types  are  involved  in  l/R  injury, 
C57BL/6  mice  were  subjected  to  intestinal  ischemia  by 
applying  a  clamp  to  the  superior  mesenteric  artery  for 
30  min.  After  either  1  or  3  h  of  reperfusion,  mice  were 
sacrificed  and  the  intestine  was  stained  for  immunofluores¬ 
cence  analysis.  As  shown  in  Figs.  1A  and  B,  a  significant 
increase  in  the  number  of  CD4^  T  cells  present  in  the 
intestinal  tissue  was  observed  in  mice  that  had  been 
subjected  to  l/R,  as  compared  to  mice  in  which  sham  surgery 
had  been  performed  (p< 0.001 ).  Interestingly,  the  CD4^  T cell 
infiltrate  appeared  rapidly,  within  the  first  hour  of  reperfu¬ 
sion,  and  was  short  lived.  It  could  no  longer  be  observed  3  h 
after  reperfusion  (Fig.  1C).  CD4^  T  cells  were  mainly 
observed  in  central  areas  of  the  villi,  where  they  formed 
small  aggregates  adjacent  to  blood  vessels  and  lamina 
propria  (Figs.  1 A  and  B).  The  early  tissue  infiltration  response 
was  highly  specific  for  CD4^  T cells  and  analogous  phenomena 
were  not  observed  when  other  cell  types  were  studied.  The 
numbers  of  CD8^  T  cells,  granulocytes  (Gr-T  cells),  and 
CD1 1b^  cells  (monocytes  and  granulocytes),  did  not  increase 
significantly  when  we  compared  intestines  subjected  to  l/R 
injury  with  intestines  in  which  sham  procedures  had  been 
performed  (Figs.  ID,  E,  F). 


Mice  deficient  in  Fas  molecule  (MRL//pr)  develop  a  T  cell 
driven  autoimmune  disease  that  resembles  SEE  [14].  T  cells 
from  MRL/Zpr  mice  exhibit  an  activated  phenotype  and  have 
been  shown  to  induce  auto-antibody  production  from  auto¬ 
reactive  B  cells  [15],  secrete  pro-inflammatory  cytokines 
[16],  and  infiltrate  organ  tissues  [17].  Likewise,  in  humans 
with  SEE,  peripheral  blood  T  cells  have  been  shown  to  share 
an  activated  phenotype  with  the  T  cells  that  infiltrate 
kidneys  affected  by  lupus  nephritis  [18].  These  facts  suggest 
that  T  cells  from  MRL//pr  mice  and  from  humans  with  SLE 
have  a  propensity  to  infiltrate  tissues  and  cause  inflamma¬ 
tion.  To  test  this  hypothesis  we  subjected  B6.MRL//pr  mice  to 
intestinal  ischemia  and  compared  the  CD4^  T cell  infiltration 
after  1  h  of  reperfusion  to  that  observed  in  congenic  B6  mice. 
As  shown  in  Fig.  2,  intestinal  infiltration  by  CD4^  T cells  was 
significantly  increased  in  B6.MRL//pr  mice  when  compared 
to  non-autoimmune  B6  mice  (p<0.001).  B6.MRL//pr  mice 
showed  an  increased  amount  of  CD4^  T  cells  even  in  the 
absence  of  ischemic  insult.  After  l/R,  the  number  of  CD4^  T 
cells  was  dramatically  amplified  (p<0.001 ).  The  distribution 
of  the  infiltrating  CD4^  T  cells  was  not  different  in  MRL//pr 
mice  than  in  wild  type  mice.  CD4^  T  cells  were  mostly  found 
close  to  the  vasculature  at  the  base  of  the  villi  and  within  the 
lamina  propria. 

Infiltrating  CD4^  T  cells  play  a  role  in  l/R-mediated 
tissue  damage 

The  amplified  intestinal  CD4^  T  cell  infiltration  observed  in 
B6.MRL//pr  mice  could  be  a  non-pathogenic  phenomenon. 
However,  tissue  injury  scores  were  significantly  higher  in  B6. 
MRL//pr  mice  than  in  non-autoimmune  B6  mice  indicating 
that  the  autoimmune  proclivity  of  B6.MRL//pr  mice  leads  to 
enhanced  susceptibility  to  ischemic  injury.  The  degree  of 
tissue  damage  (Fig.  3A)  was  mirror-imaged  in  the  overall 


Figure  2  l/R-induced  CD4^  T cell  infiltration  is  increased  in  lupus-prone  mice.  B6  (black  bars)  and  B6.MRL//pr  (white  bars)  mice  were 
subjected  to  intestinal  ischemia  followed  by  1  h  reperfusion.  The  magnitude  of  the  induced  CD4^  T cell  infiltration  was  significantly 
larger  in  B6.MRL//pr  mice  (B)  than  in  congenic  control  B6  mice  (A).  (C)  Cumulative  data  expressed  as  square  pixel  density.  *  p<0.001 . 
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Figure  3  CD4^  T  cells  mediate  l/R-induced  injury  in  B6.MRL/ 
Ipr  mice.  Tissue  injury  (4)  closely  paralleled  CD4^  T  cell 
infiltration  (B).  (C)  CD4^  cell  depletion  caused  a  decrease  in 
tissue  injury  scores  in  B6.MRL//pr  mice  and  abrogated  the  effect 
of  I /R  diminishing  the  intestinal  damage  to  levels  similar  to  those 
of  sham  operated  mice.  (D)  Transfer  of  T cells  obtained  from  B6. 
MRL//pr  lymph  nodes  restored  tissue  damage  in  l/R-resistant 
Rag-r^“  mice.  *p<0.001;  **p<0.05. 


intensity  of  the  T cell  infiltration  (Fig.  35),  suggesting  a  role 
for  CD4^  T  cells  in  the  enhanced  tissue  damage.  To  test  this 
hypothesis,  CD4^  T cells  were  depleted  from  B6.MRL//pr  mice 
24  h  prior  to  the  induction  of  l/R.  As  expected,  cell  depletion 
with  anti-CD4  Ab  resulted  in  a  decrease  in  the  amount  of 
infiltrating  CD4^  T cells  (data  not  shown).  As  shown  in  Fig.  3C, 
CD4^  T  cell  depletion  decreased  basal  tissue  injury  levels, 
indicating  that  the  low  level  intestinal  damage  observed  in 
sham-operated  B6.MRL//pr  mice  is  caused  by  the  sponta¬ 
neously  infiltrating  CD4^  T  cells  observed  in  lupus-prone 
mice.  Importantly,  CD4^  T  cell  depletion  reduced  intestinal 
injury  scores  in  B6.MRL//pr  mice  subjected  to  l/R  to  levels 
similar  to  those  found  in  sham-operated  mice  (p<0.001), 
providing  further  evidence  of  the  pathogenic  role  of  CD4^  T 
cells  in  l/R-mediated  intestinal  injury. 


To  further  establish  the  contribution  of  CD4^  T cells  in  the 
l/R-mediated  bowel  injury,  we  transferred  lymph  node  T 
cells  from  B6.MRL//pr  mice  into  mice  deficient  in  lympho¬ 
cytes  (Rag-1~^  ).  Rag-1~^~  are  known  to  be  resistant  to  l/R 
damage  [12].  Thus,  this  approach  would  allow  the  evaluation 
of  the  degree  of  damage  caused  by  T  cells  in  the  absence  of 
other  possible  pathogenic  factors  such  as  antibodies  and  B 
cells.  As  shown  in  Fig.  3D,  T  cell  repletion  increased 
significantly  the  degree  of  tissue  damage  induced  by  l/R  in 
Rag-1^^~  mice  (p  =  0.02)  confirming  the  claim  that  the  mere 
presence  of  B6.MRL//prTcells  is  capable  of  promoting  tissue 
injury  upon  an  l/R  insult. 

Infiltrating  T  cells  produce  IL-17 

T  cells  can  induce  inflammation  and  tissue  damage  using 
different  mechanisms.  However,  the  kinetics  with  which  they 
appeared  and  disappeared  from  ischemic  tissue  during 
reperfusion  suggested  that  their  mechanism  of  action  was 
the  production  of  cytokines  that  could  induce  tissue  damage 
by  acting  on  resident  cells  and  attracting  inflammatory  cells 
to  the  injured  site.  IL-17  is  a  potent  pro-inflammatory 
cytokine  produced  by  the  effector  CD4^  T  cell  subset  known 
as  Th17  [19].  IL-17  has  been  linked  to  several  inflammatory 
disease  models  such  as  experimental  autoimmune  encepha¬ 
lomyelitis  [20]  and  collagen-induced  arthritis  [21].  The 
receptor(s)  for  IL-17  is  expressed  by  a  large  variety  of  cells 
and  thus  it  has  a  wide  array  of  effects  including  the 
recruitment  of  macrophages  and  neutrophils  to  inflamed 
tissues  [22].  Therefore,  we  stained  intestinal  sections  from 
B6  and  B6.MRL//pr  mice  subjected  to  ischemia  followed  by 
1  h  reperfusion  with  FITC-labeled  anti-CD3  and  rat  anti¬ 
mouse  anti-IL-17  antibodies  (followed  by  Texas  Red-labeled 
goat  anti -rat)  and  analyzed  them  using  confocal  microscopy. 
As  shown  in  Fig.  4A,  we  found  neither  T cells  nor  IL-17  in  the 
intestinal  tissue  of  normal  mice  subjected  to  sham  surgery.  1/ 
R  led  to  an  increase  in  the  number  of  T  cells  infiltrating  the 
tissues  as  well  as  to  the  deposition  of  IL-17.  A  majority  of  the 
Tcells  co-expressed  IL-17  and  CD3  (Fig.  4B,  yellow  color).  We 
could  also  detect  IL-17  in  other  cells  that  lacked  CD3 
expression.  Congruent  with  our  earlier  findings,  we  could 
observe  both  T cells  and  IL-17  in  intestinal  villi  from  B6.MRL/ 
[pr  mice  even  in  the  absence  of  ischemic  injury  (Fig.  4).  l/R 
was  associated  with  a  dramatic  increase  in  the  number  of 
infiltrating  IL-17^  CD3^  T cells  in  MRL  mice,  confirming  that  T 
cells  produce  IL-17  during  reperfusion  of  intestinal  tissue 
subjected  to  an  ischemic  assault. 

Absence  of  IL-17  diminishes  l/R  intestinal  injury 

To  test  the  hypothesis  that  IL-17  plays  a  pathogenic  role  in 
tissue  damage  induced  by  l/R,  we  used  IL-23p19“^“  mice. 
These  mice  lack  the  19  kD  subunit  that  constitutes  IL-23 
when  coupled  to  a  40  kD  subunit  shared  with  IL-12.  In 
consequence,  they  exhibit  a  markedly  reduced  IL-17 
response  [19]  and  are  resistant  to  IL-17-mediated  diseases 
such  as  EAE  [20].  We  subjected  pi 9  KO  mice  to  l/R  and 
analyzed  the  intensity  of  tissue  damage,  T  cell  infiltration, 
and  IL-17  expression  after  1  h  reperfusion.  As  shown  in  Fig. 
5A,  the  tissue  injury  score  decreased  significantly  (p  =  0.002) 
in  pi  9  KO  mice  when  compared  to  congenic  controls.  The 
results  were  highly  reproducible  within  groups  and  the 
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Figure  4  Intestine-infiltrating  T cells  produce  IL-17.  Tissues  from  B6.MRL//pr  and  control  mice  subjected  to  sham-surgery  and  l/R 
were  stained  with  FITC-labeled  anti-CD3  Ab  and  rat  anti-mouse  IL-17  Ab  (followed  by  Texas  Red-labeled  goat  anti-rat  Ab).  Sections 
were  scanned  in  a  confocal  microscope.  (A)  A  scarce  number  of  T cells  can  be  observed  in  normal  intestinal  villi  from  a  sham-operated 
B6  mouse.  In  contrast,  l/R  leads  to  the  accumulation  of  Tcells  and  IL-17  (upper  panels).  In  intestinal  sections  from  B6.MRL//pr  mice,  T 
cells  are  present  in  sham-operated  animals.  Ischemic  injury  leads  to  a  massive  infiltration  of  IL-17^  T cells  (lower  panels).  White  bars 
represent  150  mM.  (B)  Higher  magnification  demonstrates  that  a  majority  of  infiltrating  T  cells  produce  IL-17. White  bars  represent 
50  mM. 


experiment  was  only  performed  once  (n  =  3  per  group).  As 
expected,  IL-17  was  virtually  absent  in  intestinal  tissue  from 
p19  KO  mice.  However,  T  cell  infiltration  was  not  modified 
(Fig.  5B).  These  results  indicate  that  IL-17  production,  rather 
than  the  mere  presence  of  infiltrating  T  cells,  is  necessary 
for  the  development  of  full-blown  l/R-mediated  intestinal 
tissue  injury. 

Discussion 

In  this  communication,  we  confirm  that  T  cells  play  a 
fundamental  role  in  the  early  phase  of  the  intestinal  l/R- 
mediated  tissue  injury  and  demonstrate  that  they  do  so  by 
means  of  producing  the  pro-inflammatory  cytokine  IL-17. 
Lupus  prone  mice  which  are  known  to  suffer  more  intestinal 
l/R  damage  [12],  display  more  intense  T cell  infiltration,  as 
well  as  a  more  pronounced  IL-17  tissue  expression.  The  claim 
that  T cells  are  important  in  l/R  damage  is  supported  by  two 
experiments.  First,  depletion  of  CD4^  T cells  in  the  B6.MRL/ 
Ipr  mouse  limits  significantly  T  cell  infiltration  and  tissue 
damage,  and  second,  replenishment  of  the  l/R-resistant  Rag- 
1“^^  mouse  with  B6.MRL/ /pr  lymph  node  T cells  reconstitutes 
the  intestinal  l/R  damage.  Finally,  we  provide  first  evidence 
that  the  infiltrating  T  cells  produce  IL-17,  and  demonstrate 
the  pathogenic  importance  of  this  cytokine  which  apparently 
enables  the  subsequent  steps  of  tissue  damage. 

The  fast  kinetics  with  which  T  cell  infiltration  occurs, 
indicates  that  the  observed  CD4^  cells  are  memory  T  cells 
since  they  migrate  to  inflamed  tissues  and  produce  inflam¬ 


matory  cytokines.  This  behavior  is  characteristic  of  the 
inflammatory  response  in  the  setting  of  l/R  and  it  has  been 
documented  in  previous  work  [4].  In  agreement  with  our 
findings,  T  cell  infiltration  has  shown  to  be  negligible  after 
3  h  of  reperfusion  [4].  A  different  communication,  however 
reported  peak  T  cell  adhesion  to  intestinal  endothelial  cells 
6  h  after  reperfusion  [3].  We  assume  that  methodological 
differences  may  account  for  the  discrepant  kinetics.  We  have 
found  that  the  timing  of  the  transfer  is  particularly  relevant 
for  the  behavior  of  T cells,  because  their  homing  ability  may 
be  diminished  during  the  first  hour  after  reperfusion  (Moratz 
CM,  unpublished  observation).  Interestingly,  the  same  report 
[3]  demonstrated  that  early  l/R-induced  phenomena  (i.e. 
albumin  leakage  and  neutrophil  accumulation)  depended  on 
the  presence  of  T  cells,  since  they  were  abolished  in  SCID 
mice  and  restored  after  T  cell  reconstitution  [3].  Thus  even 
though  they  detected  late  T  cell-endothelial  cell  adhesion, 
their  data  supports  an  early  role  for  T cells  in  the  l/R  injury 
process. 

Tissue  injury  produced  by  l/R  is  increased  in  mice  from 
autoimmune  strains  [11].  In  this  paper  we  confirm  this  fact 
and  add  Tcells  as  central  effector  players  in  l/R  injury.  Tcells 
from  patients  with  SLE  and  mice  with  lupus-like  diseases 
exhibit  a  number  of  biochemical  abnormalities  that  alter 
their  activation  and  effector  functions.  In  patients  with  SLE, 
T cells  have  been  found  to  infiltrate  the  kidney  [23].  Because 
peripheral  blood  T  cells  and  kidney  infiltrating  cells  express 
the  adhesion  molecule  CD44  and  its  signaling  partner  pERM, 
it  has  been  claimed  that  CD44  guides  the  kidney  infiltrating  T 
cells  [18].  T cells  from  lupus-prone  mice  express  more  CD44 
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Figure  5  IL-23  deficient  mice  are  protected  from  l/R-mediated  intestinal  injury,  pi 9  deficient  and  congenic  control  mice  (n  =  3  per 

group)  were  subjected  to  30  min  mesenteric  occlusion  followed  by  1  h  reperfusion.  (A)  Tissue  injury  was  significantly  inhibited  in  pi  9 
KO  mice  when  compared  to  control  mice  (*p  =  0.002).  (B)  Staining  with  Armenian  hamster  anti-mouse  CD3-FITC  and  rat  anti-mouse 
IL17A  (followed  by  goat  anti-rat  Texas  red)  showed  comparable  T  cell  infiltration  in  pi 9  KO  and  control  mice,  but  demonstrated 
absence  of  IL-17  expression  in  pi 9  KO  mice.  Representative  images  are  shown.  The  three  left  side  panels  show  panoramic  views  (lOOx; 
white  bars  represent  150  mM).  The  six  panels  on  the  right  show  representative  villi.  White  bars  represent  50  mM. 


(Ref.  [24],  and  unpublished  data  from  the  Tsokos  lab).  This 
may  account  for  the  increased  density  of  infiltrating  T  cells 
into  the  l/R-damaged  intestine  observed  in  this  report 
(Fig.  2).  It  is  possible  that  tissues  affected  by  l/R  express 
more  hyaluronic  acid  -the  ligand  for  CD44.  Alternatively, 
chemokine  receptor  expression  may  be  altered  in  SLE  T cells 
[25,26]  and  the  l/R  intestine  may  produce  more  of  the 
corresponding  chemokines. 

Th17  cells  represent  a  CD4^  T  cell  subset  which  produces 
increased  amounts  of  IL-17  [19].  IL-17  participates  in  the 
immune  response  against  various  infections,  particularly 
extracellular  bacteria  and  fungi,  and  has  been  linked  to 
inflammatory  and  autoimmune  diseases  in  humans  and  mice 
[27].  In  particular,  IL-17  has  proved  to  play  a  key  role  in 
experimental  autoimmune  encephalomyelitis  [28,29]  and 
collagen-induced  arthritis  [21,30].  The  action  of  IL-17  is 
particularly  broad,  since  its  receptor  is  expressed  by  a  large 
array  of  immune  and  non-immune  cells,  especially  epithelial 
tissues  [27].  The  production  of  IL-17  leads  to  the  induction  of 
multiple  pro-inflammatory  effects  including  the  production 


of  cytokines  and  chemokines  (IL-6,  IL-8,  GM-CSF,  G-CSF, 
CXCL1,  CXCL10)  [19].  In  addition,  it  plays  a  role  in  the  local 
recruitment  and  activation  of  neutrophils  [31].  These 
functional  characteristics,  along  with  the  demonstration  of 
its  early  presence  in  l/R-damaged  tissues,  suggested  that  IL- 
17  plays  a  pivotal  role  in  l/R  injury.  Functionally,  IL-17A  and 
IL-17F  are  very  similar,  and  the  presence  of  one  can 
compensate  for  the  absence  of  the  other.  Thus,  deletion  of 
either  gene  does  not  lead  to  any  phenotypic  difference. 
Moreover,  the  distance  that  separates  both  genes  has 
precluded  the  production  of  double  KO  mice.  For  this  reason, 
IL-23  deficient  (p19“^“)  mice  that  fail  to  produce  IL-17  have 
been  extensively  used  as  a  surrogate  IL-17  deficient  model 
[20,32-34].  IL-23  p19  KO  mice  have  a  decreased  capacity  to 
develop  T  cell-dependent  humoral  immune  responses  and 
their  ability  to  mount  delayed  type  hypersensitivity 
responses  is  impaired  [35].  The  presence  of  IL-23  is 
particularly  relevant  for  the  production  of  IL-17  in  the 
intestine  [19,36].  Thus,  we  believe  that  the  p19  KO  mouse  is 
an  ideal  model  for  the  study  of  the  IL-23-IL17  axis  in 
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intestinal  l/R.  Our  results  indicate  that  the  powerful  pro- 
inflammatory  effect  of  IL-17  produced  by  T  cells  is 
responsible  for  a  large  proportion  of  the  immune-mediated 
tissue  damage  triggered  by  ischemia.  However,  we  cannot 
rule  out  the  importance  of  other  IL-23-associated  factors. 

IL-17  production  in  response  to  l/R  is  present  in  both 
normal  and  lupus-prone  mice;  however,  it  is  exaggerated  in 
the  autoimmune  mice.  Although  we  do  not  have  sufficient 
information  to  explain  why  this  happens,  it  is  possible  that 
the  intestinal  local  cytokine  and  chemokine  milieu  that 
results  following  l/R  injury  may  account  for  the  increased 
rate  of  Th17  cell  infiltration.  IL-2,  which  is  able  to  restrain 
Th17  cell  development  [37],  is  produced  in  abnormally 
low  levels  in  lupus-prone  mice  [38].  Conversely,  the  secre¬ 
tion  of  IL-6,  which  has  Th17-inducing  capacity  [32,39],  is 
increased  [40]. 

In  conclusion,  we  have  presented  evidence  that  IL-17 
producing  T cells  infiltrate  intestinal  tissue  after  mesenteric 
l/R  and  that  this  response  is  amplified  in  lupus-prone  mice. 
Our  data  suggest  that  control  of  IL-17  production  may  be  of 
benefit  to  the  l/R-instigated  tissue  damage  which  represents 
a  component  of  various  clinical  conditions  including  organ 
transplant,  coronary  blood  flow  reinstatement  following 
myocardial  infarction  and  autoimmune  diseases  where  the 
vascular  bed  is  frequently  affected. 
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